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Atitrart 

This  p«|^r  dl«eiw«M  soa*  of  tho  thoorotleal  background  and  pzae- 
tieal  probl«M  Inrolvad  In  doal^iing  a full  duplm  1.5  M>/aac  optical 
data  link.  Iho  aetoal  daalgn  of  a flbar-optie  link  and  an  ataosphorle 
link  la  troatad  for  an  atnoaphorlc  path  length  of  1.372  Mi  and  a fiber 
path  length  of  2 Kn.  Coaplete  dealgns  to  the  block  diagran  level  are 
presented,  and  additional  details  are  described  for  the  aodulator 
circuit  for  the  CW  laser  diode  and  LEO  used  in  the  ataospherio  and  fiber 
transnitters.  Also  presented  is  sufficient  data  to  pemit  ealculaticn 
of  the  various  losses  encountered  in  fiber  end  ataos^eric  links.  It 
is  shown  that  currently  available  LBO*s  end  lowloss  graded»index 
optical  fibers  should  pezait  production  of  a 2 long  fiber  optic  data 
link  to  handle  a data  rate  of  1,5  Mbit  with  an  error  rate  of  less  than 
l(rS.  Hie  atnospheric  transaission  theory  presented  pezaits  use  of 
readily  available  weather  statistics  to  roughly  predict  thet  en  ataos* 
pherle  link  eperating  in  western  Ohio  can  provide  the  ccapazable  data 
Pdrfoznaace  for  aore  than  99%  of  tho  tlae.  Parts  costs  for  the  trans- 
aitters,  receivers,  and  the  cable  in  the  fiber  systoa  era  estlaated  at 
$21,800.  Cost  of  the  receivers  and  transaltters  in  the  ataospherie 
systaa  total  about  $4,030. 
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LOW-COST  OPTICAL  OATA 


UMC  flCSIGM  STU0T 
1*  Introduction 

This  paper  doserlbaa  a design  study  which  was  laidertaken  to  deter- 
■ine  If  pressntly  available  cosaerelal  cosq>onents  pemltted  econcsilcal 
construction  of  a duplex  optical  data  link.  laportant  features  of  the 
link  would  include  a data  rate  of  l.S  Mb/s  (■llllcn  bits  per  second), 
a path  length  of  1 to  2 ka,  and  a parts  cost  of  about  $19,000  ■axintai. 

The  study  was  perfonsed  at  the  request  of  the  USAP  Aeronautical  Systans 
Division's  Conmnicatiens  Office  (ASO/XOG)  to  detenine  the  potential 
of  optical  data  links  for  use  at  Wright-Patterson  Air  Force  Base.  The 
results  of  the  study  indicate  that  optical  ccMnailcations  systssM  offer 
great  potential  for  solving  Wright-Patterson's  present  and  future  data 
transnlsslon  needs,  and  that  the  costs  of  at  least  one  type  of  optical 
systsa  are  highly  attractive. 

SPt£lI1.9  fcMPflM  SSL  flit  Saai 

One  of  ASO/XOG's  responsibilities  is  the  inplenentatlon  of  digital 
data  links  between  the  SKtenalve  niaber  of  conputlng  systssM  and  peri- 
pheral devices  located  at  Wrlght-Fatterson  AFB.  As  the  nunber  and 
sophistication  of  these  conputlng  systeas  has  continued  to  grow,  ASO/XOG 
has  begun  to  receive  requests  for  data  links  with  transnlsslon  rates  well 
above  the  capabilities  of  equlpnent  pressntly  available  to  the  agency. 

In  addition,  ASO/XOG  pressntly  has  a large  nunber  of  relatively  slow 
links  In  operation  which  night  be  nore  eeoncalcally  Inplensnted  If  the 
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varloua  axlatlng  llnka  war#  aultlplaxad  onto  a alnglo,  hlgh-spaod  trunk 
lino.  Boeauao  of  its  Incroaslng  nood  for  data  links  with  a vido  rang# 
of  capabllitlos,  ASO/XOG  has  eonsldorablo  Intorost  In  ell  foms  of  now 
data  link  technology.  As  a result,  the  very  high  potential  of  optical 
data  links  appeared  very  attractive  and  resulted  In  the  request  for  this 
study. 

Maig  oeilgn  Criteria 

At  the  beginning  of  the  study,  a few  broad  design  criteria  were 
established  to  ensure  that  the  designs  developed  would  be  suitable  for 
ASO/XOG*s  known  and  antlclpatci  raqulrenents.  First,  the  data  trans- 
nlaslon  rata  was  selected  as  l.S  Mb/s.  Purthemore,  the  link  was  to 
handle  this  rate  while  nalntalnlng  a bit  error  rate  of  no  nore  than  one 
error  for  oach  10^  bits  transaittod.  The  design  was  to  be  for  a full 
duplex  data  link  connecting  two  very  Intelligent  data  systens.  Inter- 
facing with  the  two  cosq^utlng  systeas  was  not  to  be  addressed,  but  the 
link  was  to  provide  a N8Z  (non-ratum  to  sero)  data  output  and  a tlalng 
signal  for  use  by  the  Interface  at  the  receiver.  It  was  assuaed  that 
the  Interface  at  the  transaltter  would  provide  a NRZ  data  signal  to  the 
link  and  require  tlalng  Inforaatlon  froa  the  transaltter.  The  asstav 
tlons  were  also  aade  that  control  of  the  link  start-up  sequence  would 
reside  In  the  two  coaputlng  systeas  and  that  error  detection  routines 
would  also  reside  in  the  coaputlng  systeas  rather  than  within  the  link 
twasaitters  and  receivers.  A aieiple  block  dlagraa  of  tho  proposod  data 
link  configuration  appears  In  Pig.  1. 

The  selection  of  the  path  length  to  be  considered  was  based  upon 
an  ASO/XOC  requlreaaat  to  laploaant  a data  link  between  two  ealstlng 
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eoaputlng  facllltlM  at  Wrlght-Pattaraon,  a OIC-10  eoaputlng  systaa  In 


Building  620  and  axtanalva  eoaputlng  ayataaa  located  In  Building  676 


Due  to  the  phyalcal  location  and  ccnatruetlcn  of  thoao  bulldlnga,  a 


direct  llne*of-alght  path  1372  a long  exlata  between  tti 


In  addition 


an  unuaed  telephone  conduit  2 ha  long  la  available  between  the  two 


bulldlnga.  Theae  dlataneea  eKceed  the  length  of  aoat  other  potential 


data  link  routea  within  the  aelentlfle  area  of  Urlght-Patteraon  APB. 


and  aa  a reault*  the  dealffia  developed  for  the  link  were  expected  to  be 


uaeful  for  neetlng  nany  of  ASO/XOG*a  needa 


initial  lechnoloav  Afmammtt 


Once  the  criteria  above  were  detemlned*  a review  of  the  available 


technology  Indicated  that  a link  uaing  atnoapherlc  light  trananlaalon 


and  a link  using  fiber  optic  waveguides  for  light  trananlaalon  both 


offered  potential  for  Inplenentlng  the  link.  As  a result*  the  author 


decided  to  nake  a parallel  develepnent  of  a fiber  link  and  an  atnoapherlc 


pherlc  conditions  on  a low*cost  link  were  unknown  and  the  llae-ef»slght 


path  needed  by  the  atnoapherlc  link  would  not  exist  In  sene  of  ASO/XOG's 


potential  appllcatiena.  Also*  the  doslffis  derived  would  offer  ASO/XDG 


It  of  Infoxnatlon  on  the  potential  of  currently  available 


Its  for  Inplanentlng  optical  data  links 


■oeaiiso  the  doslffi  erltorla  stipulated  that  the 


the  syaten  wore  to  bo  eoaMrelally  available*  an  Inpertant  port  of  the 


optleal 


I 

( 

\ 

i 

; 
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optical  aourea  would  hawo  to  bo  a laaor«  but  aoao  roaaar^  was  raqulrod 
to  dotonilno  what  typo  of  laaor  offorod  tho  aost  potential  for  building 
a low*eost  link.  Iho  dowleo  finally  soloetod  was  a CW  (earrlor*  or 
continuoua,  wawo)  laser  diode  which  could  operate  at  nomal  roon  tesi* 
poratures.  This  diode  was  selected  because  It  appeared  to  offer  suffi- 
cient output  power  and  because  a potential  aodulation  schesM  for  the 
diode  showed  pronlse  of  being  two  orders  of  nagnltude  Reaper  than  nodu- 
Inters  for  other  lasers.  As  will  be  shown*  this  early  Intuitive  selec- 
tion turned  out  to  be  a good  one*  and  the  design  proposed  In  the 
chapter  on  transnltters  uses  a CV  laser  diode. 

Selection  of  the  optical  source  for  the  fiber-optic  systen  was  a 
little  aore  Involved  because  the  literature  Indicated  that  both  lasers 
and  ISO's  (light  onittlng  diode)  showed  pronlse.  However*  the  lifetlaes 
of  ISO  sources  were  reported  to  be  significantly  better  than  the  llfe- 
tlsMS  of  laser  diodes*  so  the  tentative  decision  was  ssUle  to  use  a UO* 
provided  that  sufficient  power  could  be  coupled  Into  Oie  fiber.  As  the 
results  in  Chapter  IV  show*  such  a UO  was  fo«aid*  so  designs  based  upon 
lasers  wore  not  developed. 

The  initial  selactlen  of  frent-end  conpenents  for  the  receiver  was 
also  Inpertant*  Involving  a choice  between  a FIN  (posltlve-lntrlnslc- 
noflatlvo  junction  oonstmctlcn)  photodiode  and  sn  avalsnohe  photodiode. 
Although  the  avalanche  photodiode  offorod  higher  aonsltlvity*  it  alao 
roguirod  a esnplox  bias  sohsno  to  eouator  tho  tanporaturo  dependent 
eharaoteri sties  of  tho  diode.  As  a result*  tho  dooisien  was  unde  to 
dosi^i  tho  roeoivor  arowsd  a FIN  diode  dotootor.  The  raoults  of 
the  study  show  that  the  FIN  diote  will  woffe  in  both  types  of  links* 
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hew«v«r»  It  im  pesslbl*  that  sob#  raduetlon  la  cost  af  tha  flbar  apataa 
eaa  ba  raalisad  If  tha  avalaaeha  dataetor  la  aaad.  Tlaa  haa  not  par- 
■Ittad  furthar  axanlaatlon  af  tAls  poaalblllty. 

Qaarrlaa  af  tha  Foiloalna  Chaotara 

Bafora  a datallad  daalgn  of  a data  link  oaa  ba  aceoapllahad,  a 
■adal  for  tha  traaaalaalan  ehaanal  should  ba  davalopad.  lharafora, 
Chaptar  II  daserlbas  tha  darWatlon  of  tha  aodals  usad  la  this  papar 
for  tha  ataospharle  and  flbar-optle  ohannala.  Tha  abaospharlc  ehamal 
daserlptlon  laeludaa  a dlseussloa  af  attsnuatlon  and  baaa  soattarlag 
affacts.  A slapla  nodal  ralatlag  attsnuatlon  to  praralllag  vlslblll- 
tlas  Is  prasantad  to  allow  uaa  of  avallabla  woathar  statistics  to  pro- 
diet  attsnuatlon  statlstles.  In  addition*  tha  phononana  af  baaa  bonding 
and  spot  dancing  ara  dlseussad*  along  with  approprlata  eountamaasuraa. 
Tha  rasults  of  tha  analysis  Ineluda  a pradletlon  of  tha  pareontaga  tlaa 
af  oceurronca  of  warlous  attenuation  lonrals  In  tha  link  and  a salaetlen 
af  tha  boon  dlvargonea  half  angla  of  1 nrad. 

Chaptar  111  prasants  a daserlptlon  af  tha  ataospharle  and  flbar- 
optle  raealwars  at  tha  blaek  dlagraa  laral.  Hia  daslgns  prasantad  ara 
baaad  upon  uaa  af  a Mmehastar  signal  coding  sehaaa.  Analysla  of  tha 
raealwars  laeludas  a dotafalnation  af  tha  offsets  af  nalsa  an  tha  par- 
fsraaaca  af  tha  data  doeadar  and  tha  tlaing  daeadar  elreults.  lha 
rasults  af  tha  chaptar  laeluda  tha  datamlaatlon  of  tha  rodulrad  aptleal 
signal  pawar  lawals  at  tha  dotaetar  dloda  to  prawlda  tha  daslrad  error 
rata.  Also  laoludad  is  a dsaerlptlan  af  tha  jlttar  eharaetarlstles  af 
tha  tlalag  raaawary  alrsult*  which  uses  an  Integrating  phase  eoaparatar 
to  dscada  tlaing  data  la  tha  MMMhastar  signals. 
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Chaptar  IV  praacnts  datalla  on  th«  design  of  the  trsnsnlttsrs. 
Inelndsd  srs  eoHnsnts  on  the  possible  design  of  the  laser's  eptleal 
•yotmm  (ehleh  has  not  been  oenpleted  due  t«  tine  constraints)  and  the 
desired  bean  pattern  for  the  atnespherlc  systea.  Also  Included  Is  a 
sanpla  safety  calculation  to  detemlne  the  closest  safe  viewing  distance 
for  the  tranaaltter's  bean.  In  addition*  Ch^ter  IV  presonts  a calcu* 
latlon  of  the  power  that  can  be  coupled  Into  a fiber  frea  a coeaerelai 
UO.  Also*  the  eaeunt  of  power  that  each  trsnsaltter  will  provide  te 
Its  respective  receiver  through  the  appropriate  channel  Is  detemlned. 
Chapter  IV  closes  with  a description  of  the  electronics  section  of  the 
trsnsaltter.  Uhlle  aost  of  this  description  Is  Halted  to  the  block 
dlagraa  level*  the  ncdulater  description  Is  developed  to  the  circuit 
level  te  Indicate  tiie  slapllclty  and  lew  cost  of  nodulators  for  CW 
laser  diodes. 
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11.  Chiwla  and  CoBPonwtf  for  Optical  Llnfc» 


Tranaalsslon  of  optleol  oigiuilo  prooonto  apoclol  problom  which 
dlffor  approelably  froa  thoaa  oneountarad  In  aora  traditional  wlra  and 
radio  froquaney  baaod  data  llnka.  Thasa  spaclal  problaaa  eoneom 
alaetro«optlcal  anorgy  convarslont  ehannal  tranaalaslon  eharaetarlatlea, 
and  coupling  batvaan  tha  ehannal  and  optical  davlcas  In  tha  raealvars 
and  transalttara.  Ihla  chaptar  praaanta  a dlscuaslon  and  analyals  of 
thoaa  apaclal  problaaa.  Spaelf leally*  tha  chaptar  axaalnaa  tha  char* 
aetarlatles  of  tha  two  candldata  optical  channala  and  thalr  lapllcatlons 
on  tha  daalgn  of  a data  link.  Alao  Ineludad  la  a daaerlptlon  of  thoaa 
optical  eoaponanta  which  appear  aoat  proalalng  for  tha  daalgn  of  a low- 
coat  link. 

AtffofPhWtff  Channali 

Thla  aoctlon  daacrlbaa  background  nolaa  and  tranaalaalon  propartlaa 
of  tha  ataoaphara  and  tha  raaultlng  raqulraaanta  placed  upon  racalwara 
and  tranaalttara  for  uaa  In  an  ataoapharlc  ayataa.  The  reader  la  cau- 
tioned that  tha  tranaalaalon  of  optical  alfftala  through  tha  ataoaphara 
la  not  eoaplataly  undaratood,  and  that  workara  In  tha  area  have  reported 
that  aalatlng  theory  doaa  not  eoaplataly  daaerlba  tha  parforaanea  of 
actual  ataoapharle  ayataaw  (Raf  It2193-219S).  Howawar»  praaant  theory 
doaa  aaaa  to  be  accurate  enough  to  pamlt  flrat  order  aatlaataa  of  tha 
awaraga  parcantaga  of  tha  tiaa  of  eccurrenca  of  warloua  lovala  of 
attenuation  In  tha  ataoaphara,  and  tha  raaultlng  Inforaatlon  will  be 
Inwaluabla  for  aaklng  aatlaataa  of  link  parforaanea  and  down  tlaa. 


Tran—lMion  PropTti««»  Th«  ataosphar*  can  altar  tha  racalvad 
signal  atrangth  at  an  optical  racaivar  through  aavaral  ■aehanisas  as 
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dapictad  in  Pigs.  2 to  4.  Proai  thasa  skatchast  it  oan  ba  saan  that  tha 
attanuation  phanoaana  ganarally  fall  into  ona  of  tvo  groups.  First* 
tha  ovarall  powar  laval  across  tha  antira  racaivar  plana  can  ba  raducad 
if  tha  ataospharic  aadlua  absorbs  tha  transalttad  baaa;  sacond*  tha 
racalvad  powar  will  also  diainish  if  tha  aadiua  scattars  tha  light  baaa 
so  that  tha  powar  dansity  is  raducad  in  tha  araa  actually  intarcaptad 
by  tha  racaivar  optics.  Tha  physical  alaaants  which  account  for  tha 
attanuation  aachanisas  ahown  in  Figs.  2 to  4 ara  tha  aolacular  and 
aarosol  constituants  of  tha  aarth's  ataosphara.  Tha  aolacular  coaponants 
consist  of  various  gasas  such  as  oxygon*  nitrogen*  and  water  vapor  which 
occur  naturally*  along  with  aan*addad  pollutants  such  as  carbon  aonoxlde 
and  osona.  Aerosol  coaponants  ineluda  such  things  as  water  droplets  in 
tha  fom  of  fog  and  rains  along  with  pollutants  such  as  factory  saoka. 
Both  aolacular  and  aarosol  coaponants  contribute  to  tha  absorption  and 
scattering  aachanisas*  although  tha  contribution  to  each  typo  of  attanu* 
ation  aachanisa  varies  greatly  with  tha  physical  alaaant  involved. 

A nuabar  of  rasaarehars  in  optical  coMunications  baliava  that  tha 
tranaalsaian  of  light  through  tha  ataosphara  is  adequately  dascribad  by 
the  Baar-Lsabart  lav  (laf  2tl28{  Baf  3tl0).  la  its  aost  general  foia* 
this  law  is  written 


- Y<» 


(1) 


whara  • tmaaalaalwlty  af  the  ataaophara  as  a ratla  of  output 
lataaslty  ta  input  latmaltyt  y ■ tatal  aatlaatlan  aaafflelantt 
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path  iMgth  froa  tha  tranaalttar  ta  tha  raaalTar.  Uaaallp,  far  shart 
path  langths  aueh  as  cansidarad  far  tha  prapaaad  data  llak,  Y la  fairly 
constant  along  tha  path  length,  and  Iq  (1)  nay  ba  written 

T,  - a*^®  (2) 

Alsa,  Y la  usually  broken  down  Into  separata  oenponants  related  to 
seattaring  end  absorption  (Baf  3il0)t 

Y ■ K,  ♦ K,  ♦ o,  ♦ O,  (3) 

where  • aarosel  absorption  eeaff lelent 

- naloeular  absorption  eeofflelent 
0^  ■ aarasol  seattaring  eaaff lelent 
9,  • naloeular  seattorlng  eaaff lelent 

Fran  Iqs  (2)  and  (3),  It  Is  apparent  that  an  analysis  of  atnes- 
pharle  trananlsslen  Is  eencamad  with  datamlnlng  tha  waluas  of  tha 
various  eanpenents  of  the  axtlnetlon  eeafflelont.  Fortunately,  by  a 
earaful  ^aiea  of  optical  froquaney.  It  Is  possible  to  allnlnata  as 
a factor  In  Iq  (3).  This  ollnlnatlen  Is  possible  because  nolaoular 
abaatptlen  of  aptleal  fraquenelos  Is  highly  salaetlvo,  aeeurrlng  In 
narrow  baids  as  shasn  In  Fig.  5.  As  a result.  If  tha  laser  In  tha 
trananietar  Is  oparatad  away  fran  a hl^  absorption  band,  lassos  due 
ta  naloeular  absarptlan  will  ba  nagllglbla. 

Tha  ranalnlng  tarns  In  Iq  (3)  cannot  ba  as  easily  allnlnatod  as 
1^.  Instand,  nadallng  taehnlquas  have  bean  anployad  ta  datamlna 
avarago  values  far  those  eanstants  far  a nunbar  of  different  wavalongths. 
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wMth«r  eoadltlcna,  and  aaaaonal  variatloM.  For  raUtivaly  elaar 


aaathar,  MeCUtehay  haa  tabuUtad  valuaa  and  for  a varlaty 

of  wavalangtha.  Typlaal  valuaa  for  X • 860  nn  ara  ahoun  In  Xabla  1 
alnea  thla  fraquaney  la  tha  neat  sultabla  for  avallabla  lasar  dlodaa. 


Tabla  I 

Valuaa  of  Attanuatlan  Coaffielvits  for  X • 860  nn 


23  ka  Vlaibiltty  S ka  Vlalblllty 

"elaar"  uaathar  "hasy"  vaathor 


1.93ail(rVfcn  1.32xl0"*Ata  9.03xl0-2/ka  7.43*10-2/ka  4.4(kl0*^/ka 


(Proa  Raf  3t2^ 


Ualns  valuaa  fraa  Tabla  I in  Cqa  (2)  and  (3),  and  aaaualng  C - 1.372  ka, 
Ta  cm  ba  ealeulatad  aa  0.86  In  elaar  uaathar  and  0.49  in  hasy  eendi- 
Clons.  (MeClatehay  also  lists  a vintar  valuo  of  but  tha  diffaranea 
fraa  tha  saaMr  valua  has  nagllglbla  offset  uhan  e • 1.372  ka).  lhaaa 
valuaa  of  Tn  ara  aqulvalant  to  povar  lasaas  of  0.66  dB  and  3.1  dB, 
raspaetivaly. 

As  tha  uaathar  eanditiens  datariamta,  tha  valua  of  y ehangaa 
aaxkadly.  Par  SKsapla,  using  a 632.8  na  uavalangth  lasar  and  a raeaivar 
with  a 10  alnuta  aeeaptaaea  angla,  Chu  and  Hogg  hava  aaasurad  lassos  of 
aara  than  40  dB  on  a pcth  af  2.6  ka  (Baf  5t742*7Sl).  lha  sana  sarlas  of 
oKpariaants  raeardad  tranaalssian  lassae  graatar  than  63  dB  in  haavlar 
fags  and  naarly  30  dB  in  haavy  rain  ahauars  far  light  of  uavalangth 
632.8  sa.  lharafara,  it  is  prahabla  that  a lau^ast  data  link  using 
aadarata  tranaaittar  pauar  will  nat  aparato  undar  savors  uaathar  eon* 
ditlona. 
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UkiforCtauiMly,  it  la  nat  poaaibla  to  eorralata  aany  thaoratleal  and 
axparlaantal  daaerlptiona  of  atsoapharte  propagation  to  aval labia  ata- 
tiatieal  data  on  tlia  waathar  at  Uright-Pattaraon  AFB.  For  axanpla,  Chu 
and  Hagg  ralata  attaniMtlon  ta  tha  rain  rata  in  ■lllinatara  par  hour 
and  fag  liquid  wator  danalty  in  graaw  par  cubic  natar,  uhila  nuch  of 
tha  thaory  of  aeattaring  ia  baaad  on  drop  aica  diatributiona  of  tha 
aeattaring  partielaa.  Hona  af  thaaa  phyaleal  quantitiaa  la  naaaurad  by 
Uright*Pattaraon'a  waathar  aarvlea.  Aa  a raault,  ta  eorralata  avail* 
abla  atatiatieal  data  on  lacal  waathar  ta  atnoapharie  trananiaalvity, 
it  la  naeaaaary  to  raaort  ta  Kaaehaiiadar'a  law.  Caolidga  diaeuaaaa 
thla  law  and  tha  nadifleatlona  raquirad  to  uaa  tha  law  with  pravalling 
vlaibillty  data  (a  value  raeordad  by  waathar  aarvleaa)  and  at  wavalangtha 
athar  than  SSO  nn  (Raf  6t91*96).  Uhan  nadlfiad  far  uaa  at  860  nn.  tha 
law  bacoama 


(4) 


where  V|(  ■ prevailing  vialbllity  in  ka 

Vg  ■ pravalling  vialbllity  in  atatuta  nllaa 
Ya  ■ Og  ♦ • aaroaal  attenuation  coafficiant 

Caalldga  alaa  eawMnta  on  attonuation  during  fog  eonditiona  (Raf  6i 
126-128).  Mhan  fag  aniata  Kaachniadar'a  law  baeonaa  wavelength  Inda- 
pondant,  and 

Y . hm  . Lm  (S) 

According  ta  Caalidgat  tha  tranaltion  batwaan  haaa  and  fog  eonditiona 
ia  not  abrupt,  but  oeeura  whan  tha  prevailing  vialbllity  ia  about  3/4 


14 


tv 


■11*.  Ih*r«for«,  this  paper  will  aesuae  that  Eq  (4)  applies  for  visi« 


I 

I 
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bilities  above  3/4  aile,  and  that  Eq  (5)  applies  for  visibilities  of 
3/4  alls  or  less. 

Now,  if  the  path  length  and  a value  for  are  known,  it  is 
possible  to  asseable  a table  of  prevailing  visibility  vsrsus  r^.  Such 
a tabulation  is  presented  in  Table  II  for  9 - 1.372  ka  and  o,  • 1.93x 
10*3,  xhe  derivation  of  Table  11  assuaes  no  water  vapor  absorption  at 
the  selected  wavelength.  Given  a frequency  of  occurrence  of  various 
visibilities.  Table  II  can  be  used  to  predict  the  frequency  of  occur- 
rence of  various  values  of  t«. 


I 

! 


Table  II 

Values  of  Aerosol  Attenuation  Coefficient  and  Resulting 
Transaissivity  for  Various  Prevailing  Visibilities 


Visibility  in 
Statute  Miles 

Yo  in 
/ka 

To 

T*  dB 

14.3^'^ 

1.055x10“2 

0.86 

0.66 

5(2) 

0.256 

0.70 

1.5 

4(2) 

0.320 

0.64 

1.9 

3(2) 

0.427 

0.56 

2.6 

2(2) 

0.640 

0.52 

2.8 

l(2) 

1.280 

0.172 

7.6 

0,7s(5> 

2.431 

0.036 

14.5 

0.5(3) 

3.646 

0.006 

21.7 

0.25(3) 

7.292 

4,5x10"3 

43.4 

Notest  Ob  - 1.93k KT^/ka,  t - 1»372  ka 

(1)  Froa  Table  I,  (2)  Proa  Eq  (4),  (3)  Proa  Eq  (S) 


It  is  possible  to  obtain  eoaputer  suasutries  of  hourly  weather 
observations  at  Wright-Pattersen  for  a 36-year  period.  Tabulations 
peialt  deteraining  the  frequeney  of  eeeurrenee  of  various  visibilities 
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during  dlf£«r«nt  tlms  of  tho  day  and  aontha  of  tha  yoar.  Thara  ara 
also  tabulations  of  tha  fraquancy  of  oecurranea  of  various  vlslbllltlas 
avaragad  ovar  tha  antlra  36«>yaar  parlod.  Tha  data  In  Tabla  III  was 
davalopad  fron  tha  all  yaars  avaraga  suanary,  whlla  othar  aats  of  data 
■ay  ba  fotaid  In  Appsndlx  A.  Using  tha  data  In  TAblas  II  and  III*  It 
Is  posslbla  to  aska  fairly  aceurata  pradletlons  of  tha  parcantaga  of 
tha  tlsM  that  varloua  attanuatlon  lavals  (at  860  na)  will  axlst  In  tha 
ataospharlc  ohannal.  For  axaapla*  on  a yaarly  basis,  tha  link  will 
axparlanca  a loss  of  7.6  dB  no  aora  than  1.9  parcant  of  tha  tlaa.  By 
using  data  In  Appmdix  A,  It  can  also  ba  aseartalnad  that  tha  link  will 
axparlanea  loasaa  of  7.6  dB  about  6.3  parcant  of  tha  tlaa  during  0900 
to  1100  local  tlsM  In  January. 

Tabla  111 

Suanary  of  Annual  Avaraga  Visibility  Occurrancas  at  Ground  Laval 
at  Vright-Pattarson  APB  (Data  Procasslng  Branch,  Air  Waathar  SarvlcaAlAC) 


Asaln,  th«  rMd«r  Is  csutionsd  sbeuc  ths  aeeursey  of  ths  statistics 
of  transaission  baaad  upon  Xabla  III  and  Appendix  A.  Tha  accuracy  of 
a hunan  obsorvar  in  datazninins  prarailing  risibility  aran  in  daylight 
is  subject  to  quastion.  Huanoh  reports  that  prinary  duty  weather 
obsarrars  oosMonly  naka  errors  of  A 36  percent  in  daytina  risibility 
■aasuranants  whan  the  actual  riaibility  ia  about  3 statute  nilas  or 
laaa  (Saf  7t34).  Howarar*  considering  tha  rary  large  data  base  used  to 
daralop  tha  weather  statistics  for  Wright*Pattarson  and  tha  fact  that 
■any  different  obaarrars*  results  are  eosq>ilad,  tha  orarall  errors  in 
tha  data  of  Table  III  and  Appendix  A are  probably  not  nearly  as  axtan* 
sire  as  Mueneh  reports.  At  tha  rary  least*  tha  results  obtained  fron 
tha  data  and  nodal  presented  in  this  report  should  giro  at  least  a 
rough  idea  of  tha  pareentaga  of  tine  that  rarious  leases  will  be  an- 
cauntarad  in  tha  atnespharic  channel. 

Before  cloalng  this  saetien*  another  class  of  laser  propagation 
phenenana  will  be  nantlenad.  The  class  includes  tha  phanonana  of  bean 
bending  and  spot  dancing.  Tha  phanonana  occur  aran  in  clear  weather 
and  are  caused  by  changes  In  ttia  rafractira  indax  of  tha  air  due  to 
teaiparatura  rarlatlcns  along  tha  bean  path.  Spat  dancing  is  nost 
pronounced  In  windy  conditions  whan  snail  nassas  of  air  at  different 
tenparaturos  enist  in  tha  larger  air  nass.  Tha  result  is  a banding 
nachanisn  as  dopietad  in  Pig.  4a.  As  its  none  inplias*  spat  dancing 
pradnoas  fairly  rapid  shifts  in  tha  bean  direction.  Chiba's  naasura* 
nants  of  power  spectra  af  spat  dancing  indicate  that  spat  dancing 
changes  aocur  on  tha  ardor  af  1/10  second  or  longer  (kaf  8t2460-2461). 
Using  Chiba'a  standard  dariratian  af  tha  x displacanont  af  a bean 
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undergoing  spot  dancing,  and  ecablnlng  a path  langth  C of  1372  a.  It  can 
bo  shown  that  tharo  Is  a significant  probability  tiuit  spot  dancing  will 
bond  a laser  bean  by  aora  than  30  |i  rad.  Howeror,  the  probability  of 
spot  dancing  banding  the  bean  acre  than  0.5  a rad  Is  only  about  10 

Baaa  banding  Is  a aueh  acre  slowly  varying  phencaonon  than  spot 
dancing  (Kef  8t2436).  Haasureaants  by  Ochs  Indicate  that  diurnal  bend- 
ing variation  Is  on  the  order  of  40  )i  rad/ka  and  about  3 )i  rad/kn  In 
tho  horlsontal  piano  (lof  9tl2).  Based  on  this  data.  It  soens  reason- 
able that  the  likelihood  of  boaa  bending  exceeding  1 arad  Is  vary  saall. 

The  lapllcatlons  of  spot  dancing  and  boaa  bonding  for  link  design 
are  very  laportant.  In  order  to  onsuro  that  tho  boon  cannot  bond  far 
enough  to  reduce  the  power  density  at  tiie  receiver  to  an  Insufficient 
level.  It  Is  necessary  to  Include  a planned  boon  divergence  In  the 
traaaaltter  design.  This  results  In  an  Increased  power  output  requlro- 
mmt  for  tho  transnlttor,  tho  Increase  varying  approxiaately  with  the 
aguaro  of  tho  dlvorgonco  angle.  Based  upon  the  nagnltudes  of  boaa 
aoveaents  exporlencod  by  Chiba  and  Ochs,  It  has  been  decided  that  a 
aafo  divergence  half  angle  Is  1 arad.  This  selection  should  ensure 
enly  a reaote  chance  of  the  beaa  wandering  far  enough  off  target  to 
cause  a link  outage. 

Kelso,  da  Inescapable  prebloa  with  an  ataospherlc  data 
link  Is  that  light  froa  the  sm,  stars,  and  aon-aade  seureea  cannet  be 
eeapletely  ellalaated  frea  detection  by  the  receiver.  As  a result,  an 
ataeopheric  aystoa  aust  coataad  with  an  additional  noise  coaponent 
known  as  background  noise.  Fratt  presents  several  relations  which 
pemlt  the  ealeulatioa  of  the  power  falling  on  tho  detector  given 

Id 


baiykgroiind  Irradlane*  «KprM*«d  ••  p«w«r  into  • honlophoro  or  povor  por 


unit  oolld  anglo  (tof  2ill9).  Pratt  alao  provldas  plota  of  Irradlaneo 


for  a aanlth  anglo  of  45  (l.a 


a aky  Irradlaneo)  and  for  Irradlaneo 


of  the  lllunlnatod  north* a aurfaea.  Solaetlen  of  the  appropriate  plot 


dapanda  upon  tho  phyaleal  rolatlanahlp  batwoon  tho  tranaalttara  and 


dlffarant  typaa  of  baekgrounda,  tho  raeolvar  vlovlng  tha  aarth  will  hawa 


■era  Input  boekground  nelaa.  Sinew  tha  aetwal  nolaa  ealeulatlan  la 


qulta  alallar  for  either  aky  or  aarth  ba^grownda,  only  Pratt'a  ralO' 


Pratt  Indleataa  that  tha  optleal  power  raaehing  a dataetor  diode 


la  related  to  tha  background  apaetral  radiant  aalttanea  by  tha  following 


relation  (kof  2tll9)i 


ataoapharle  tranaalaalwlty 


raealwar  lana  and  filter  ayatoa  tranaalaalwlty 


optleal  bandwidth  of  tha  raealwar 


full  angle  of  tho  raealwor'a  field  of  view 


U(X)  • apaetral  radiant  anlttanea  af  tha  baekgraund  for  tha 
eontar  optleal  fraguaney  of  tha  raealwar. 


In  thla  oguatlon  la  aat  by  ttia  optleal  bandwldtii  of  a filter  In 
tha  raealwar  optlea  train.  A praetleal  walua  for  X3  ualng  Inaxpanalwo 


filters  !•  about  10  na.  9g  la  alao  a funetlon  of  tho  aoloetod  optica 
train  eoaponants.  For  roaaaiu  to  bo  dlaeuaaod  latar  uhoa  optical  fll* 
tore  arc  conaldorod*  It  was  found  aacosaarp  to  usa  a two  alanant 
colllaatlng  Ians  syataa  for  tho  raealvar  aptlcs.  For  this  Ians  spstaa, 
Pratt  prowldaa  a ralatlcnahlp  batwaan  tha  focal  langths  of  tho  two 
lansas  In  tha  colllaatlng  lana  spataa,  and  as  shown  In  Fig.  6 
(laf  2t8)t 

i (7) 

Howawar,  alnea  tj^'  • are  tan  (r^/s^),  ralatlan  7 aay  ba  written  as 


Ivaluatlan  of  tha  trananlsalwltlas  la  fairly  easy,  t,  la  sli^ly 
a product  of  tha  transalssLwltlas  of  tha  lansas  and  tha  optical  filter 
used  In  tha  systaas.  lhasa  ralatlons  are  aval labia  In  aanufaeturars' 
data,  typical  value  for  eroun  glass  lansas  Is  about  90K  while  lansas 
aada  of  acrylic  plastic  haws  transalsslwltlaa  of  about  83X  whan  used  as 
eolloetors.  Besnenleal  Intarforanea  filters  offer  only  about  SOX 
tranaalsslwlty,  howowar.  Fran  earlier  discussions.  It  Is  bast  to 
as  suns  dia  worst  ease  trananlsslwlty  of  tha  atnosphara  applies  for  tha 
propagation  of  background  light  to  tha  raealvar,  l.a.,  r,  • 1. 

the  final  ralatlan  required  to  solve  aquation  (6)  la  UCO.  For 
tha  wBvalangth  esnsldarod  for  this  systsn  Pratt's  figure  6«11  indicates 
on  average  value  of  around  telO*^  watts  par  ea^-alcron.  Pratt  asntlons 
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that  this  flgurs  mmy  vary  with  dlffarant  typas  of  raflaetlng  aatorlal 
such  as  rocks,  troas,  watar  or  plowad  flolds,  but  doas  not  prowlda 
furthor  data.  A solution  of  Iq  (6)  for  tha  proposad  racalvar  follows 
In  tha  naxt  ehaptar. 

IWPUTlVtOnt  tor  Link  Daslsn.  lha  eharactarlstles  of  tha  atnos- 
pharle  ehsnnal  plaea  a nunbar  of  eonstralnta  upon  link  daslgn.  Tha 
■aln  araaa  of  Inportanea  eonoam  tranaalttar  powar  and  baan  spraad, 
tranaalttar  and  raealwar  optics,  tranaalttar  and  racalwar  slta  loca- 
tions, and  scsM  laportant  safety  lapllcatlons. 

Parhaps  tha  aost  obrlous  llaltatlon  on  an  ataoopharlc  link  Ip  tha 
naad  far  a clear,  llna-of-alght  path  between  tha  tranaalttar  and  ra- 
calwar. For  tha  propoaad  data  link,  this  Is  not  a problaa.  Howavar, 
for  other  data  link  laplaaantatlons,  this  raqulrsaant  aay  result  In  a 
naad  for  ropaatar  stations  or  aay  rule  out  tha  use  of  an  ataospharle 
link  altogether. 

Tha  phanoaana  of  baaa  banding  and  spot  dancing  also  hawa  laportant 
lapllcatlons  on  link  design.  For  reasons  discussed  previously,  the 
decision  has  boon  aada  to  use  a baaa  dlwargonca  half  angle  of  1 arad. 

As  a result,  a significant  Increase  In  tranaalttar  output  Is  required, 
but  there  is  no  InoKponsIwa  altainatlwa  If  erratic  link  outagaa  due  to 
turbulanoa  are  to  be  avoided.  On  tha  poaltlva  side,  an  advantage  of 
this  dlvarganea  angle  salaetlon  Is  that  tranaalttar  optics  should  be 
easier  to  design.  Alsa,  a divergent  bean  will  aaka  tranaalttar  and 
receiver  altgnasnt  aaalar. 

Tha  affects  of  aelaaular  abaarptlon  on  light  bean  propagation 
aaka  clear  tha  naad  ta  aparata  tha  laser  at  a aavalangth  where 
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•ttMiuation  is  lov.  la  addltloa,  Ua«r  wavalwith  drift  anst  bs  1«»  so 
thara  la  aa  aklft  ta  aa  abaarptiaa  aaralmsth  ar  basrend  tha  paaabaad  for 
tba  raealrar'a  optical  flltar. 

A flaal  raatrletloa  ea  af aapharlc  llaka  eaBoaraa  huaaa  apa  aafaty. 
laaara  «lth  aufflelaat  poaar  ta  aparata  aa  ataaapharle  llak  alaa  salt 
aafflelaat  poaar  ta  raqulra  safagaards  ta  parsaaaal  uadar  tha  prorlaloas 
af  Air  Foraa  tagulatlaa  161-32  aad  earraspoadlas  elalllaa  ragolatloas. 
lhasa  ragalatiaas  ladleata  that  laaar  hasard  ealealatloas  ara  eoaearaad 
with  tha  aptleal  fraguaaey  aad  poaar  daaslty  of  tha  baaa  at  a poiat 
idiara  tha  baaa  eaa  ba  latareaptad  by  htaaa  ayaa.  Addltlaaal  faetora  la 
dataialalag  aafaty  far  palaad  laaara  laaolaa  tha  duty  eye la  aad  pulaa 
rata  af  tha  baaa.  A ealoulatlaa  baaad  aa  ATI  161-32  appaara  la  tha 
ahaptar  aa  traaaalttar  daslga.  ■aaaaar,  tha  gaaaral  rasults  of  aafaty 
aalealatlaaa  ladleata  that  far  aast  ataespharle  ayataaa,  staps  aost  ba 
eakaa  ta  aasara  that  tha  traaaalttar  la  eaatrollad  and  that  paraaanal 
aaat  nat  ba  abla  ta  laadaartaatly  antar  tha  laaar  baaa  la  aloaa  praalalty 
ta  tha  traaaalttar.  Again*  thia  raatrlatlaa  la  not  a particularly 
dlfflault  prablaa  far  tha  prapaaad  data  link*  but  It  eaa  rlrtually 
allalaata  aaaaldaratlon  af  an  ataaapharle  llak  la  eaaaa  uhara  eaatralllag 
aeeaaa  ta  tha  araa  laaadlataly  In  front  af  tha  traaaalttar  la  nat 
paaalbla. 

ribar  Oaela  Chanaala 

flbar-aptla  ehaaaala  affar  a aanbar  af  oKeallent  paaalbllltlaa  far 
data  llaka.  One  awtaraadlag  rlrtaa  la  that  tha  traaaalaalan  prapartlaa 

af  flbara  ara  gulta  atafcla  aa  appaaad  ta  tha  largar  tlaa  fluetaatlena 


fOMid  la  ataospharle  ehaaa«U.  ConMqiMntly*  tha  only  raasoa  for  flbor 
link  ontagos  shoald  bo  caayiit  valluroo.  Fiirtlior«  tranaaloalon  path 
losaoa  ean  bo  aodo  looor  for  flbor  llaka,  and  thoro  la  no  baekgroond 
nolao.  Ibo,  cho  lino*of*tlght  rootrletlon  dooo  not  apply. 

Offaottlas  tho  nunorona  bonoflta  of  flbor  llaka  aro  a niabor  of 
probloaa.  Forhapa  tho  aoat  laportant  ono  la  tiiat  tho  eoot*por-foot 
of  tho  flbor  link  ean  bo  aubotantlal.  froaently*  aultablo  two-ehaanal 
flbor  eabloB  oost  about  throo  dollars  par  foot*  and  thoao  eabloa  mat 
bo  plaeod  In  undorground  conduits  which  aro  oxpsnslro  to  Install.  Also, 
fibor  optics  aro  a vary  now  toehaology.  As  a rosult,  optlnun  solutions 
for  som  problsns,  suoh  as  low*loas  f lold«lnatallad  couplings,  hows  not 
boon  eosplotoly  rosolwod.  Howowor,  doaplto  Its  problon  aroas,  a flbor 
optic  data  link  offora  oKcollant  potential,  warranting  on  ncanlnatlon 
of  tho  transalsslan  proportloa  of  flbors  and  tho  rosultlng  Inplloatlcns 
for  link  doslpi. 

All  of  tho  eosBMnts  that  follow  portaln  to  flbor  channols  conposod 
of  a slnglo  flbor,  slneo  this  configuration  Is  nost  suitable  for  long 
dlstaneo  data  links. 

Jnm&UifllL  Frooortloa  of  Ihoro  aro  prosontly  two  different 

gonornl  typos  of  flbors  In  largo*sealo  production,  tho  stop  Index  flbor 
and  tho  graded  laden  flbor^  loforrlag  to  Pig.  7,  tho  stop  Index  flbor 
Is  conposod  of  two  transparent  natorlals  of  different  Indexes  of  ro- 
fraction.  Iho  flbor  la  ganorally  coated  with  on  opaguo  buffer  to  pro- 
wont  transfer  of  light  outaldo  of  tho  slaglo-flbor  ehonnol.  Iho  graded 
Index  fiber  does  not  haws  a sharp  boundary  between  regions  of  different 


IndaxM  ot  r*fnietl«n«  InatMulf  th«  lnd«K  of  rafraetien  variM  aaoothly 
tTcm  a hl|h  laval  In  tha  eantar  of  tha  fibar  to  a loaar  valua  at  tha 
boundarlaa  ot  tha  fibar,  as  shaon  In  Pig.  7b. 

lha  datallad  daserlptlan  of  light  propagating  In  flbara  involvaa 
tha  uoa  af  Nax«all*s  aquations  to  daaerlba  tho  transalsalon  of  aloetro* 
■agnatic  uavas  In  a aavagulda  (Kaf  10i8).  Hovaaar,  duo  to  tha  short 
**^*ldBgths  of  optleal  signals.  It  Is  posslbla  to  gain  a raasonabla 
undarstaadlng  of  flbars  by  using  gosMtrleal  ray  optics  (Raf  lOtl-8). 
Slaca  Qia  sacasd  approach  Is  aueh  slaplar  and  adequate  for  tho  purposes 
af  this  paper.  It  Is  tha  approach  adapted. 

OslM  a ray  optics  dascrlptlan,  light  propagating  In  a stop  Index 
fiber  Is  csntalnad  within  tho  core  (tha  n|  raglca)  af  tha  fiber  by 
total  Intatnal  rafloctlans  tram  tho  n2  - n^  boundary.  By  ccaparlscn. 

In  tha  graded  Index  fiber,  light  rays  are  guided  by  ■aans  of  rofracticn. 
Because  of  tha  Index  profile,  graded  Index  flbars  tend  to  ccntlnuously 
focus  rays  of  light  toward  tha  cantor  axis  af  tha  fiber  as  shewn  by 
ray  1 In  Pig.  7b.  This  focusing  process  keeps  tha  rays  frea  exiting 
through  tho  wall  of  tho  fiber. 

An  laportant  characteristic  of  bath  types  ot  flbars  Is  tha  ■axlaia 
ray  entry  angle  for  idilch  an  entering  ray  will  propagate  In  tha 
fiber.  If  tha  general  entry  angle  f Is  too  large,  neither  fiber  cm 
contain  tha  ray.  An  a result,  tha  ray  proceeds  to  tha  cladding  region 
idiara  Its  snoigy  Is  dissipated  as  la  tha  case  for  ray  2 in  Pigs.  7a  and 
7b.  8^  Is  net  usually  listed  la  nanufacturar*s  data,  but  a closely 
routed  quantity  Is  esnnsnly  listed.  This  quantity  Is  the  fiber's 
nunorleal  aperture,  and  it  la  glean  by  (Ref  10i2) 
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vh*r«  N.A.  • NuMrleal  •pnrtur* 

^■■x  * BOX  valu*  of  9 in  Pig.  7 for  nhieh  tho  Msociatod  ray 
will  propagato  in  tho  fibor. 

Upon  initial  axaaination  Iq  (9)  inplioa  that  tho  boat  fibers  aro 
those  which  have  a large  nuMrical  aperture^  since  these  fibers  would 
be  easiest  to  couple  to  a large  area  light  source.  Unfortunately« 
another  hsportant  characteristic  ef  fiber  channels  iaplies  that  the 
nunerical  aperture  should  be  ssuill.  This  quality  is  the  group  delay 
propagation  of  the  fiber,  and  it  concerns  the  pulse  spreading  effect 
that  fibers  have  on  input  si^ials.  ^Ise  broadening  effects  liait  the 
■axiaua  data  handling  rate  of  a fiber,  and  broadening  coaplicates  re* 
ceiver  design. 

To  gain  a qualitative  laiderstanding  of  group  delay,  consider  the 
fact  that  practical  light  osiittors  for  fibers  are  area  sources  of  con* 
•iderable  else  when  coapared  to  the  cross*sectional  area  of  practical 
fibers.  As  a result,  rays  frosi  the  source  aay  arrive  at  the  entrance 
wall  of  the  fiber  at  various  angles  froa  6 ■ 0^  to  9 w 90°.  Those  rays 
which  arrive  at  an  angle  larger  than  9^^  are  absorbed  and  do  not  propa* 
gate,  but  all  other  rays  are  contained  and  do  propagate.  Due  to  the 
fact  that  each  ray  propagates  through  a different  path  longth,  the 
various  rays  depart  the  opposite  end  of  the  fiber  at  different  tines, 
and  the  pulse  detected  by  the  receiver  can  undergo  signlficent  pulse 
broadening.  For  exanple,  rise  and  fall  tines  of  roughly  3S  nsec  would 
be  experienced  with  a 2 Kn  length  ef  cable  which  had  a specified  band* 
width  of  20Mis  for  a one  kilosMter  longth. 
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Nov,  to  roduce  tho  dogroo  of  puls*  broadoning.  It  Is  nseossary  to 
raduca  tha  diffaranca  In  traval  tlaa  of  tha  various  rays  propagating  in 
tha  fibar.  For  a stap  Indax  fibar,  tha  only  way  to  aceoapllsh  this  is 
to  raduca  tha  mosbar  of  diffarant  rays  tha  fibar  can  propagata.  Unfor* 
tunataly,  this  also  raducas  tha  niabar  of  diffarant  ray  anglas  that  tha 
fibar  will  accapt,  and  tha  fibar  bacoaas  aora  difficult  to  optically 
axcita.  As  a rasult,  it  is  apparent  that  stap  indax  fibers  do  not 
offer  an  efficient  systaa  for  low  cost  data  links  because  tha  inproved 
bandwidth  of  tha  fibar  cosms  at  tha  cost  of  increased  coaplaxity  in  tha 
optical  transnittar. 

Fortunately,  graded  indax  fibers  offer  a aathod  to  control  pulse 
spreading  without  eoaplicating  optical  driver  raquiranants.  Graded 
indax  fibers  can  be  constructed  so  that  rays  entering  tha  fiber  at 
diffarant  anglas  traval  assantially  tha  saaa  "affactiva”  path  length 
even  though  tha  true  path  lengths  differ  widely.  This  affactiva  path 
equalisation  occurs  because  rays  which  have  high  entry  anglas  6 have 
propagation  routes  which  spend  a significant  aaount  of  tine  in  areas  of 
low  indexes  of  refraction.  Since  light  propagates  faster  in  tha  low 
indax  regions,  it  is  possible  for  a ray  propagating  down  tha  canter  of 
tha  fibar  and  a skew  ray  to  both  arrive  at  tha  exit  and  of  tha  fiber 
at  nearly  tha  saaa  tiaa.  Tha  result  is  that  graded  fibers  with  tha 
proper  indax  profile  have  aueh  batter  pulse  responses  than  stap  indax 
fibers.  To  give  a quantitative  aaaaura  of  pulse  response,  Mst  aanu> 
facturars  danota  tha  pulsa  broadening  character 1st lea  of  their  fibers 
in  taras  of  fiber  bandwidths  par  kiloaatar  length.  Typical  bandwidths 
Tmt  stap  and  graded  indax  fibers  of  equal  nuaarical  aperture  are  about 
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20  MHs/Ka  «nd  200  to  400  Mls/Ka  rospoctivoly.  Indicating  tha  superiority 
of  graded  fibers  over  step  fibers. 

In  addition  to  the  pulse  broadening  effects  of  fibers,  the  other 
■ajor  concem  Is  attenuation.  As  In  ataospherlc  transnisslon,  the  out- 
put signal  of  fibers  Is  attenuated  by  both  scattering  and  absorption. 
However,  thanks  to  carefully  controlled  aanufacturlng  processes,  attenu- 
ation In  fiber  links  can  be  auch  lower  than  tha  atnosphere  can  provide. 
Presently,  fibers  are  available  trom  several  sources  In  cosnerclal 
quantities  with  total  attenuations  of  only  6 to  10  dB/Ksi.  As  In  ataos- 
pherlc propagation,  the  fibers  do  have  laportant  aoleeular  absorption 
bands,  and  the  low  loss  figures  apply  only  when  an  appropriate  frequency 
Is  used. 

Losses  in  flber-to-Flber  Couplings.  As  is  the  case  for  an  ataos- 
pherlc link,  a fiber  link  aust  be  coupled  to  both  the  light  aalttar  and 
detector.  Additionally,  the  fiber  should  be  capable  of  f Iber-to-f Iber 
coupling  to  facilitate  cable  Installation  and  repair.  The  area  of 
couplings  for  single  fiber  cables  Is  still  In  a developing  stage,  and 
the  author  has  not  been  able  to  obtain  data  on  coaaerelally  available 
low  loss  (<1  dB)  coupling  devices.  However,  auch  of  the  technology 
aeons  to  be  worked  out  at  the  laboratory  level,  and  a brief  review  of 
acne  denenstrated  splicing  techniques  follows. 

An  Inportant  consideration  for  efficient  f Iber- to«f Iber  coupling 
Is  preparation  of  the  fiber  ends.  The  ends  should  be  broken  absolutely 
square  across  with  a aaooth  surface  If  scattering  losses  are  to  be  lew. 
Suitable  ends  can  be  prepared  by  grinding  and  polishing,  but  the  equlp- 
aant  required  la  bulky,  and  there  la  a good  chance  for  dust  ccntanlnatlon 
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of  tho  flbor  «nd  surfoco.  A bottor  way  to  praparo  flbars  is  through  usa 
of  a fairly  slapla  fibar  braaklng  aachlna  davalopad  at  Ball  Laboratorlas 
(Raf  11).  This  aachlna  usas  a spring  tanslonar  to  hold  tha  fibar  In 
eontrollad  tanslon  ovar  a slightly  cunrad  anvil.  Tha  fibar  Is  than 
scorad  on  tha  slda  opposlta  tha  anvil  and  autoaatleally  fracturas  with 
a elaan*  saooth  surfaca.  Tha  aachlna* s davalopars  raport  that  satup  of 
tha  fibar  for  braaklng  Is  not  critical,  and  cha  author  of  this  papar 
ballavas  tha  Ball  Laba  aachlna  offars  tha  aost  potantlal  for  slapla 
fibar  and  preparation. 

As  li^ortant  as  fibar  preparation  la  tha  allgnaant  of  tha  two 
fiber  ends  In  tha  coupling  and  raflactlva  losses  at  tha  Interfaces.  An 
Inescapable  loss  In  coupling  Is  caused  by  Frasnal  reflections.  These 
occur  at  any  Interface  between  two  aatarlals  of  different  Indaxas  of 
refraction.  Tha  loss  at  each  intarfaca  Is  described  nathaaatlcally  by 
(Raf  12tS*SS) 

Fresnel  Reflection  Loss  (dB)  - 10  Log  [l  - ( )^1  (10) 

where  n ■ Index  of  refraction  of  transalttlng  naterlal 

n*  • index  of  refraction  of  receiving  aatarlal. 

Now,  in  a realisable  coupler  which  does  not  involve  fusing  tha  flbars 
together,  air  will  always  be  present  at  tha  fiber  to  fiber  Interface, 
and  Cq  (10)  Indicates  that  fairly  significant  losses  result.  For 
SKaapla,  if  fibers  with  center  cores  of  n 1.3  are  used,  the  Fresnel 
loss  at  the  splice  is  about  0.33  dB.  However,  if  tho  air  Is  displaced 
by  an  Index  natehlng  fluid  with  an  Index  of  refraction  near  that  of  tho 
oero  aoterlal,  Cq  (10)  reveals  Fresnel  losses  can  be  substantially 
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reduced.  Suitable  Index  aatehlng  "fluids”  Include  a series  of  epoxy 


eesMnts  and  glycerin.  Couplers  using  these  fluids  nay  cause  as  little 


In  addition  to  Fresnel  losses,  nechanlcal  problens  can  also  affect 


lured  losses  In  fibers  of  10.8  silcron 


core  dlaaeters  due  to  end  separations  and  offsets  (Ref  13).  He  found 


that  losses  Increased  by  about  0.3  dB  if  the  fibers  In  Index  aatehlng 


fluids  ware  separated  by  10.8  alcrons,  and  that  losses  Increased  by 
about  3.3  dB  for  an  axis  offset  of  only  3.4  alcrons.  Thus,  accurate 


to  be  a splicing  technique 


deweloped  by  Hiller  (Ref  14).  In  Miller's  syat 


fiber  ends  are  placed  Into  a saall  tube  with  a square  shaped  cross>seetlon 


Fl«.  8.  Loom  Tube  Splioe  for  Option!  Flbexa  (Reprinted 
with  poraisalon  ftoa  The  Bell  Sretaa  Tectolonl 
Joumnl.  Copyright  1975)  Ifril2l0 


Th«  flb«rs  ar*  butted  together  end  then  flexed  slightly  so  that  the 
tube  rotates  until  one  of  the  diagonals  of  the  square  cross«seetlon 
Ilea  In  the  sane  plane  as  the  flexing  plane  of  the  fibers.  The  result- 
ing splice  can  be  either  held  in  a slaple  Jig  for  tss^orary  fittings  or 
ean  be  persuuiently  glued  with  epoxy  esaent  (which  also  serves  Index 
■atchlng  duties).  Miller  reports  that  splices  aade  using  the  Bell 
fiber  breaking  tool  and  epoxy  cesMntlng  have  a naan  loas  of  only 
0.077  dB.  Miller  does  point  out  that  a series  connectlsn  of  10  splices 
has  a bit  higher  loos  per  splice  rate*  but  even  so  the  series  ccnnec- 
tlen's  total  loss  was  only  1.37  dB*  on  a nean  loss  of  0.137  dB  per 
splice.  So*  the  Bell  laboratories  experlasnts  Indicate  diet  slaple 
field  splicing  is  possible*  and  that  the  resulting  losses  can  be  quite 

Losses  In  Counlina  to  and  froa  Fibers.  As  previously  aentloned* 
coupling  a light  aaltter  to  a fiber  can  be  difficult.  A nuaber  of 
studies  using  both  U0*s  and  solid  stage  G^iA,  lasers  have  been  conducted 
to  detemlne  the  best  coupling  systaa  such  as  butt  Joints  or  focusing 
Isnsea  (lef  12iS-34  to  3-33).  Additionally*  studies  In  the  optlaal 
physical  construction  of  light  saltters  have  been  conducted  to  produce 
the  best  peaslble  oalssion  pattern  for  coupling  to  fibers.  The  Indi- 
cation of  these  studies  Is  that  the  best  driver  efflcloncy  Is  obtained 
when  the  light  aaltter  la  earefully  aatched  to  the  fiber. 

Fairly  easy  calculation  of  die  power  coupled  late  a fiber  is 
possible  using  seas  results  ef  an  analysis  by  Mareuse  (Bef  13).  Fig.  9 
shews  the  relationship  between  the  netaallaed  power  coupled  Into  a 
fiber  froa  a UU>  and  the  relative  slaes  ef  the  1X0  ealttlng  surface  and 
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B«itf  r Radius 


Flf.  9*  HoxMtllMd  PoNvr  Coupl»d  Into  a 
Gtadod  Indue  Fibar  for  Various  Baittor>to>Fibar 
Badltts  Ratios  (Raprlntod  with  poralaslon  from 
Tha  Boll  Sratoa  Tachnlo^  Journal.  Copyright 


faeo  whlia  a la  tha  radius  of  tha  flbar  eora.  lha  quantity  plottad  on 


tha  wartlaal  aala«  P.  la  tha  aauplad  pouar*  F«  tlaaa  a nonallaing 


ilta  (laf  IStlSM) 


Mow,  Ff  !•  related  to  by 


Fg  - P„(t|2  A) 


(11) 


where  Fg 


B 


A 


Power  coupled  Into  the  fiber 

NotMlieed  power  coupled  into  the  fiber  ee  given  by  Fig.  9 
Brightness  of  the  diode  In  wstts/ca^«steredlan 
Badlus  of  the  fiber  core 

Msxlaus  refractive  Index  difference  In  the  fiber  (See  Ref 


IStlq  18). 

All  of  the  InfotMtlon  needed  to  solve  Eq  (11)  Is  evsllsble  froa  nenu- 
fseturers*  specifications  for  LBO*s  end  fiber  csbles.  An  exsaple  of  the 
use  of  the  equation  sppesrs  In  Chapter  IV. 

Output  coupling  fron  the  fiber  to  the  detector  diode  Is  not  sn 
critical  ss  Input  coupling.  Provided  thst  the  diode’s  sensitive  eres 
la  larger  then  the  fiber’s  core*  essentially  ell  the  light  enltted  fron 
the  fiber  esn  be  collected  by  the  diode.  Aetuslly*  connerelelly  svsll- 
eble  detector  diodes  generally  have  active  surfaces  nueh  larger  than 
optical  fibers  cross-sections*  and  efficient  output  coupling  auiy  require 
expending  the  output  been  croes-seetlon  to  natch  the  detector’s  active 
araCf  aa  shown  In  Fig.  10.  Here  ■axlaun  angle  of  aalsslon 

fron  the  fiber.  The  literature  Indicates  that  the  value  of  8^^  varies 
with  a nunber  of  factors  such  as  source  wavelength*  Input  coupling 
characteristics*  and  fiber  length*  and  that  an  analytic  expression  for 
*nax  ^ ****"  developed  (Ref  12tS-S7).  Therefore*  an  axperl- 

nental  plaeensnt  of  the  detector  fron  the  fiber  will  have  to  be  con- 
ducted when  the  link  Is  put  Into  operation.  However*  deaplte  this 
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Pig.  10.  Light  Bmm  at  Dataetor  lad  of  Pibar 


problaa,  tha  aajor  loaaaa  In  output  coupllnga  ahould  ba  dua  to  Fraanal 
raflactlona.  Aaaualng  that  a flbar  eora  of  India  of  rafractlon  1.5  la 
uaad,  Iq  (10)  Indlcataa  tha  cot^llng  loaa  froa  tha  flbar  to  tha  datactor 
dloda  la  only  about  0.17  dB. 


p 


III.  i»c«ivr  D— l«n 


lh«  prlaary  function*  of  • data  link  raealvar  arc  raeovorlng  th* 
data  signal  and  rogonarating  th*  signal  tlnlng.  Although  a nunbor  of 
different  nethods  for  doing  this  Job  have  been  developed,  an  eeononleal 
optical  channei  can  only  use  those  technique*  which  are  conpatlble  vlth 
nono*polar  signals.  This  restriction  played  an  Isq^ortant  part  In  the 
selection  of  th*  coding  schen*  for  th*  systesi.  Additional  restrictions 
Involved  th*  need  for  post-diode  as^llflers  which  could  efficiently 
aapllfy  very  snail  signals  and  th*  need  to  keep  th*  receiver's  tlnlng 
circuits  accurately  synchronised  to  th*  transnltter.  After  considering 
these  constraints,  th*  decision  was  nad*  to  us*  Manchester  coding. 
Manchester  coding  allows  a tlnlng  reference  to  be  trananitted  continu- 
ously, regardless  of  the  data  pattern.  Further,  this  coding  seheaw 
pemlt*  AC  coupling  of  anplifiers  in  th*  receiver,  sinplifying  design 
of  th*  anplifiers.  Unfortunately,  this  coding  schen*  does  require  a 
certain  snount  of  conplSKlty  In  th*  receiver,  but  th*  indications  are 
that  th*  Inplenentatlon  of  th*  receiver  can  still  be  acconpllshed  at 
reaaenabl*  coat. 

Once  the  coding  aehen*  waa  selected,  a block  dlagran  of  th*  re- 
ceiver was  developed,  as  shewn  in  Pig.  II.  Tracing  th*  signal  through 
th*  systen,  the  first  step  in  th*  process  is  ths  optics  train.  This 
train  ceeples  the  deteeter  diode  te  the  sptieal  channel  and  also  filters 
out  unwanted  llgiit.  Msnt,  the  deteetsr  died*  converts  th*  optical 
signals  te  etestrleal  signals  to  he  snpllfled  la  the  post-diode  anpli- 
fier.  Ihe  anpllfled  signals  are  than  reutsd  te  two  different  circuits. 

M 
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On*  circuit  decodes  the  Menchester  slgnels  Into  slaple  NEZ  (nen-retum 
to  sero)  slgnels.  The  ether  circuit  uses  the  Manchester  signal  to 
STnehronlse  the  receiver's  clock  circuits  to  the  signal  so  that  an 
accurate  clock  vavefera  Is  available  to  operate  the  receiver  circuits 
and  to  be  passed  on  along  with  the  decoded  signal  for  further  handling. 
Hic  rsaalnlng  part  of  this  chapter  will  analyse  the  various  blocks 
shown  on  this  dlagran. 

ItUL  Optic*  Train 

fii>pr  Itlnk.  The  optics  train  design  Is  detemined  by  whether  the 
receiver  will  work  with  a fiber  or  atnospherlc  link.  For  a fiber  link, 
the  optics  train  ccnslsts  of  nothing  wore  than  butting  the  fiber  end 
against  the  detector,  possibly  with  an  Index  Hatching  fluid.  The  unit 
la  then  surrounded  by  an  opaque  aaterlal  so  that  anblsnt  light  carniot 
leak  onto  the  detector  diode  surface.  As  nsntloned  In  Chapter  II, 
losses  Incurred  with  this  approach  are  alnost  entirely  due  to  Fresnel 
reflections.  Now,  losses  fren  the  reflection  at  the  Input  surface  of 
the  diode  are  Included  In  the  nsnufacturers*  data  for  the  diode.  So, 
assunlng  no  Index  Hatching  fluid,  the  fiber  link's  Input  loss  is  due  to 
the  one  reflection  at  the  flber*alr  Interface.  For  fibers  with  cores 
of  a > 1.3,  this  loss  Is  given  by  Eq  (10)  as  0.177  dB. 

Atnosoherlc  Design  of  the  optics  train  for  an  atnospherlc 

link  Is  considerably  nore  csnpllcated  than  tor  the  fiber  Hide.  For 
high  efficiency.  It  Is  desirable  te  have  the  Input  aperture  of  the 
receiver  as  large  as  eccnonlcs  petnlt  (Kef  2f33).  Additionally,  the 
optics  train  nust  reduce  the  saqplitude  of  stray  light  reaching  the 
detector  diode.  This  task  Is  acconpllshed  by  using  an  optics  deslvi 
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«hi^  liatta  tha  aaxiaMa  aatla  of  off-axis  lllualnaclon  which  can  roach 
tho  dotoctor  dloda,  aad  hy  uslnc  an  optical  bandpass  filter. 

A skoteh  of  tho  ataaapharlc  roealwor  optics  soloctod  for  tho  low 
coat  link  la  shown  In  Fig.  12.  This  doslgn  was  owolvod  around  tho  317.5 
aa  focai  length  froaaol  Ions,  tho  largoot  aporturo  Ions  awsllablo  at 
roascnablo  cost.  This  lens  la  aado  of  acrylic  plastic,  whldi  has  good 
trsnaalsslcn  properties  at  noar-lnfrarod  frogusnclos  and  pomlts  low- 
cost  aanufacturlng. 

Originally,  It  was  hoped  that  Just  tho  single  Fresnel  lens  and 
optical  filter  would  bo  sufficient  for  tho  optics  train.  Ifeifortunatoly, 
It  was  dlscovorod  that  fanlllar  dyad  glass  typo  optical  filters  could 
not  provldo  the  10  na  wide  passband  needed  to  natch  tho  stability  of  a 
CW  laser  diode  transaltter.  As  a result,  the  optical  filter  selected 
for  the  design  was  a aultl-cavity  optical  interference  filter.  Since 
optical  interference  filters  work  as  designed  only  with  light  incident 
at  approKiaately  noraal  angles,  an  extra  lens  was  required  to  colliaate 
the  bean  fron  the  Fresnel  lens  (Bef  16tl29-130).  The  exact  spacing  of 
the  lenses  was  deterained  using  aatrix  nethods,  although  other  nethods 
would  serve  as  well  (Bef  17i84-94).  Tho  spacing  shown  produces  a cir- 
cular spot  sise  on  tho  detector  diode  of  1.274  na  radius,  aatchlng  the 
diode's  sensitive  area.  Light  passing  through  the  optical  filter  is  in 
near  perfect  colllsMtion,  with  the  largest  incident  angle  at  the 
detector  diode  being  less  than  2.4^.  At  this  snail  angle,  the  inter- 
ference filter  provides  the  desired  bandpass,  and  essentially  all  the 
optical  signal  passes  the  interference  filter  without  undergoing  extra 
less  (Bef  16tl30). 
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Now,  thor*  arc  two  crucial  charactarlstlcs  of  tha  optics  train 
which  snist  ba  known  In  ordar  to  coaq>lata  othar  daslgn  staps  for  tha 
ataospharlc  racalvar.  Thasa  charactarlstlcs  ara  tha  transalsslvlty  of 
tha  optics  train  and  tha  angular  flald  of  vlaw  of  tha  optics  systan. 
Calculation  of  tha  transalsslvlty  of  tha  Ians  systaa  Is  calculatad  froa 
Eq  (12) t 

Tro  - <Ti«.  i>  * <Ti«.  2>  * (Tnitar> 

whara  “ Total  transalsslvlty  of  tha  racalvar  optics  train 
Tx«ns  " Transalsslvlty  of  tha  approprlata  Ians 
Tfiitar  “ Transalsslvlty  of  tha  salactad  optical  flltar  In  tha 
passband. 

An  approprlata  valua  of  for  an  acrylic  plastic  Frasnal  Ians 

usad  la  eolllaatlon  Is  about  0.83  (Raf  16tS0).  Llkawlsa,  an  approprlata 
valua  for  a crown  glass  Ians  sultabla  for  usa  as  Ians  two  Is  2 ** 

0.91  (Raf  16t23).  Optical  flltars  which  ara  avallabla  at  low  cost  for 
wavalsngths  near  860  na  ara  qulta  a bit  lass  afflclant,  howavar,  and 
^flltar’*'  16tlS4).  As  a rasult,  Eq  (12)  ylalds  a valua  for 

tha  proposad  optics  systasi  of 

Tro  * 0.378  w 4.2  dB  loss  (13) 

The  angular  flald  of  vlaw  of  tha  Ians  oancotns  the  naKlsNai  angle 
of  off  axis  rays  that  will  causa  significant  illisBlnaclan  of  tha  dotac- 
tor  dloda  surfaca  as  was  dlscussad  In  Chapter  11.  For  tho  dotoctor 
dlodo  and  dloda  to  Ians  two  spacing  In  tha  aoloctod  optloa  daolpi,  tha 
valua  of  8j^  In  Fig.  6 baconas  2.49^.  lharafara, 

•g  - 0.030*  • 0.68  nrad  (14) 
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Th«  slgiuil  procMSlng  train  auat  daeoda  tha  nolsa-corruptad 
Manehastar  data  In  a wnuiar  which  ansuras  tha  ■axlaum  probability  that 
tha  racalvar'a  output  signal  is  tha  saaa  as  tha  transnittad  signal.  Tha 
arror  rata  (tha  nuabar  of  arrors  aada  par  bits  transaittad)  of  tha  ra- 
eaivar  is  datarainad  by  tha  racaivar  configuration  salactad  for  tha 
dacodar*  tha  racaivad  optical  powar  laval»  and  tha  laval  of  noisa 
prasant  in  tha  optical  signal  and  tha  racaivar  systans.  In  this  section, 
tha  racalvar'a  signal  processing  train  is  dascribad  and  analysed  in  de- 
tail. Also  prasantad  is  a dataraination  of  tha  required  optical  powar 
to  yield  a BER  (bit  error  rata)  of  one  arror  in  10^  bits. 

Signal  Processing  Train  Circuit.  Saaplas  of  tha  Manehastar  coding 
of  a binary  "1"  and  "0"  are  shown  in  Pig.  13.  Tha  diange  in  signal  at 
tha  aid-pariod  point  is  essential  to  tha  tlaing  recovery  sehaaa  (to  be 
described  later)  but  eoaplieatas  signal  recovery.  Now,  an  iaportant 
point  to  note  about  tha  coda  is  that  despite  tha  aid-period  change,  tha 
value  of  tha  signal  in  each  half  of  tha  bit  period  is  uniquely  datarainad 
by  tha  transaittad  data  bit.  As  a result,  decoding  tha  signal  can  be 
aada  aora  efficient  if  tha  racaivad  signal  is  procassad  for  tha  entire 
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bit  period  T rather  than  for  only  tha  first  half  of  tiia  period. 

In  addition  to  problaas  posed  by  tha  nature  of  Manchester  signals 
decoding  of  tha  sipial  aay  be  ooaplicatad  by  tha  praaanca  of  noisa.  As 
a result,  use  of  a signal  processor  which  provides  tha  lowest  possible 
arror  rata  is  raqulrad.  Assualag,  as  is  usual,  that  tha  noise  in  tha 
systaa  is  whlta  and  Gaussian,  and  also  assuaing  perfect  square  wave 


detector  scheae  (Ref  18t378).  Because  of  the  discontinuity  In  the 
Hsnehester  data,  two  separate  Integrators  are  required  to  sake  full  use 
of  all  the  Inforaatlon  coded  In  the  Manchester  signal.  The  resulting 
configuration  of  the  data  signal  processing  train  Is  shown  In  Fig.  14. 

The  operation  of  the  circuit  In  Fig.  14  aay  not  be  laaedlately 
apparent*  so  a brief  description  Is  presented.  To  begin*  each  IHO 
(Integrate-Hold-Ouap)  circuit  Is  served  by  two  Independent  control  lines* 
an  Integrate  control  line  and  a duap  line.  While  an  IHO  Integrate  con- 
trol line  Is  high,  the  circuit  continuously  Integrates  the  Input  signal. 
While  the  Integrate  control  line  Is  low*  the  IHO  Initially  stores  the 
value  of  the  Integrated  signal.  Then*  the  IHO  circuit  Is  reset  by  the 
duap  line  at  soae  tlae  prior  to  beginning  a new  Integration. 

Oerlvatlon  o£  the  Probability  o£  Error.  As  shown  In  Fig.  14*  each 
IHO  Integrates  over  different  halves  of  the  bit  period.  As  a result* 

In  a noiseless  case*  one  IHO  output  will  be  high  and  the  other  will  be 
low  when  the  and  of  the  bit  period  Is  reached.  Thus*  at  the  end  of  each 
bit  period*  the  output  of  the  coaparltor  will  be  high  If  a ”1"  was  sent 
and  low  when  a "O'*  was  sent.  This  result  Is  then  gated  Into  a storage 
register  and  the  two  IHO  circuits  are  reset  by  the  duap  line  so  the 
next  bit  can  be  processed. 

New*  whan  noise  Is  added  to  the  signal*  the  output  of  the  coaparltor 
will  still  tend  to  select  the  proper  output  due  to  the  noise  filtering 
action  of  tite  IHO  circuit.  However*  there  Is  a possibility  that  noise 
can  corrupt  the  Input  signal  strongly  snough  to  cause  the  outputs  of  the 
IHO  circuits  to  have  Incorrect  relative  aagnltudes.  When  this  happens* 
the  coaparltor  output  becoaes  Incorrect*  and  an  Incorrect  data  output 
occurs. 
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To  troot  this  aoro  rigorously,  eonsldor  that  tho  Input  to  saeh 
Intogrstor  Is  eoapossd  of  tho  slpisl  s(t)  plus  sddltlvo  nolso.  furthor, 
sssuas  that  tho  nolso  Is  soro  noan,  stationary  and  whlta  with  a two* 
sldod  powor  spaetral  dsnslty  Gg*  watts/Hs.  As  a rosult  tho  autoeorrola- 
tlen  function  of  tho  nolso  1st 


I [n(t)  n(t  ♦ T>]  • C ' 6(t) 


(15) 


whoro  6(  ) ■ Olrae  dolta  oporator. 

Mow,  If  wo  assuno  that  a Hanchostor  1 Is  bolng  docodod,  tho  output 
of  IHO  1 at  tho  and  of  tho  Intogratlng  porlod  la  glwon  byt 
b 

I|yi  ■ {■  * n(t)]  dt 


b b 

/ S|(t)  dt  o / n(t)  dt 

a a 


(16) 


whoro  1|/|  - output  of  IHO  1 aftor  tho  Intogratlon  porlod,  given 

that  a 1 was  sent 

S|(t)  - Msnehostor  signal  for  a "I"  data  bit  (soo  Fig.  13) 
n(t)  ■ Molaa  signal 

a ■ tins  M start  of  tho  IHO  sanpllng  porlod  (Pig.  14) 

6 • tlno  at  tho  eanplotlon  of  IHO  sanpllng  porlod  (Fig.  14) 
la  a slallar  way,  tha  output  of  IIO  2 ean  bo  doserlbod  aat 


(17) 


4 4 

hn  - / S|(t)  dt  o / n(t)  dt 
0 e 


idioro  tho  tlno  Intorval  e to  d eorrosponda  to  tho 
IHO  2 (aoo  Pig.  U). 


ling  tlno  for 
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Now,  It  la  aaauMd  throughout  this  papor  that  tha  signal  Input  to 
tha  Intagratora  has  a eonatant  saplltuda  In  aaeh  half  of  tha  bit  parlod. 
frca  Pig.  14,  It  Is  apparant  that  If  tha  Input  signal  has  constant  aag- 
nltuda  A during  tha  first  half  of  tha  bit  parlod,  than  tha  Intagral  of 
tha  signal  owar  tins  Intanral  a to  b Is  aqual  to  T|A,  uhara  - b - a. 
Slallarljr,  tha  Intagral  of  tha  signal  ovar  tlna  parlod  e to  d is  saro 
slnea  tha  signal  Is  saro  In  this  tlna  Intarval.  As  a rasult  Eqs  (16) 
and  (17)  bacons 


! 
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b 

*1/1  " '’’l^  * ^ " “’’l^  ♦ “l 


(16) 


b 

*2/1  ■ ^ ^ dt  - H,  (19) 

a 

NsKt,  tha  probability  that  tha  eonparltor  output  will  ba  Incorract, 
glwan  that  a 1 Is  sent.  Is  given  by  tha  probability  that  I|/|  Is  lass 
than  l2/|*  Synbolleally, 

'a/1  - ^ C*l/l  < *2/J  • ' ♦ >*1  < Hz] 

- P [Hi  • Hz  < T|A]  (20) 

uhara  substitution  of  I«s  (18)  and  (19)  along  with  sons  raarrmgsnant 
has  boon  aooonpllshad. 

If  tha  assunptlon  Is  nada  that  n(t)  Is  a Gauaslsn  randan  process, 
than  N|  and  Nj  are  Gaussian  randon  varlablaa.  Slnea  n(t)  has  bean 
assunad  to  have  saro  naan,  M|  and  also  have  saro  naan.  Further,  If 
wo  define  a new  randan  variable  M*  equal  to  (N|  • N2>»  than  M*  la  also 
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• Mro  aMui  Gaussian  randan  rarlabla,  with  varlanea 

VAt(N*)  - i[(H*-0)2]  _ e[(Hi-N2)^] 

- E IHiI  a E [N2^]  - 2E  [NjN2]  (21) 

Slnea  N|  and  M2  ara  aaro  naan,  this  furthar  radueas  to 

VAR(N')  - VAR(M|)  a VARO^)  - 2E  [NjNj]  (22) 

N«ct,  racalllns  tha  eonnants  about  tha  eorralatlon  function  of  nolsa 
sanplas  as  shown  In  Bq  (IS),  E CM|N2]  Is  sore  and  Eq  (22)  radueas 
furthar  to 

VAI(N*)  - VAE(N|)  a VAR(M2)  (23) 

Eaeall  that  tins  Intarvals  a - b and  c > d ara  both  aqual  to 
length  T|*  Since  tha  nolsa  process  Is  assunad  wide  sense  stationary, 
tSia  varlanea  of  N|  Is  aqual  to  tha  variance  of  N2  and  Eq  (23)  baconas 

VAR(N*)  - 2 VAR(Ni)  (24) 

For  an  Integrator  with  white  Gaussian  nolsa  plus  signal  at  tha 
Input,  Taub  and  Schilling  show  that  tha  variance  of  tha  output  signal 
la  (Raf  18t368) 

VAR(Ni)  - G^n  (25) 

where  G^  • tha  two  aided  nomallsad  power  spectral  density  of  tha 
nolsa  In  (volts)^  (Note  Chat  Taub  and  Schilling's  Integration  constant 
Is  assunad  1 In  Eq  (25)  as  was  dona  for  Bq  (18)).  So,  tha  varlanea 
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of  M*  boeoaoa 

VJUUM*)  - Ti  - O*  (26) 

With  Cq  (26)  and  Cq  (20),  It  la  new  poaslblo  to  writ# 


-itTi 

'a/l  “ ^ 

oboro  f||«  (M*)  la  tho  Gauaalan  probability  danalty  function  of  the 
randan  variable  N*.  Ualng  tho  ayHotry  property  of  the  Gauaalan  proba* 
blllty  danalty  function,  Cq  (27)  beeonea 


'e/1 


•• 

/ 

ATi 


(M*)  dM* 


i*'-^l  /Hi? 


(28) 


Thla  can  be  tranafotned  Into  a atandard  fom  of  the  conplonontary  error 
function  by  ualng  a change  of  variable  with  x ■ M'/o.  The  reault  la 
(Ref  12tA-l) 


Mew  Cq  (29)  rolatea  the  conditional  error  probability  In  toma  of 
algnal  level  and  nolae  power  apeetral  danalty  at  the  Input  to  the  IMO 
elrculte.  In  general,  the  controlling  algnal  to  nolae  ratio  for  re> 
calvera  with  lew  nolae  anpllflera  la  uaually  detemlned  at  the  output 
of  the  algnal  detector*  Aa  a reault.  It  la  worthwhile  to  be  able  to 
relate  Cq  (29)  back  to  the  algnal  levela  preaent  at  the  detector  diode 
output. 
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wh«r«  P(l)  ■ Probability  of  a ona  occurring  In  tha  data  stroaa 
P(o)  • Probability  of  a soro  occurring  in  tha  data  atraaa. 

If  tha  aasu^tlon  la  aada  that  ona  and  aaro  data  blta  ara  aqually  llkaly, 
than  P(l)  ■ P(0)  • 1/2.  Next,  racalllng  that  P^^|  > %/o*  ^ 


baconaa 


^ - Vl 


Finally*  racall  that  tha  daalrad  arror  rata  for  tha  ayatan  la  10”'. 
Ihla  la  aqual  to  tha  daalrad  probability  of  arror.  Thua*  fron  Eqa  (31) 


and  (33) 


10**  - Erfc 


(^) 


Ualng  tabulatad  valuaa  of  tita  oanplaaiantary  arror  function,  thla 


baconaa 


flZ  . 4.3 

1*Ga 


whara  and  In  Iq  (31)  hava  both  boon  dlvldad  by  tha  load  raalat- 
anea  of  tha  datactor  dlada  aa  that  1^  and  G,  ara  axpraaaad  In  Joulaa 
and  watta  par  Marta  raapaetlaoly. 

Eq  (3S)  la  vary  Inpartant  bacauaa  It  datanlnaa  tha  nlnlanaa  ratio 
of  algnal  anargy  to  nalaa  poaor  apaetral  danalty  that  tha  raoaWar 
noada  to  pravlda  tha  daalrad  arror  rata.  Onca  a valua  far  G,  can  ba 
datamlnad  for  a giran  dataatar  elreult,  Eq  (33)  can  than  ba  uaad  to 
dataralna  tha  raqulrad  Input  algMl  to  pravlda  at  laaat  a 10**  EER. 
lha  datanalaatlOB  of  G,  fallaaa  in  tha  nant  aaetlen. 
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Th«  Diod«  Noll*  Modol.  Am  aontlonod  In  tho  provloua  •oetlon,  • 
noil*  aodol  for  th*  diodo  dotoctor  auat  bo  dovolopod  bofor*  tho  roquirod 


•Ignol  powor  eon  bo  dotoralnod.  This  soetlon  dovolops  that  aodol. 

To  bogln,  tho  various  soureos  of  dotoctor  nolso  should  b*  Idontl* 
flod.  For  a PIN  photodlodo,  Pratt  Indleatos  that  two  laportant  nolso 
soureos  aro  thoraal  nolso  and  shot  nolso.  Shot  nolso  Is  eausod  In  part 
by  th*  loakag*  currant,  callod  dartc  current,  prosont  In  th*  dlod*  when 
no  optical  signals  ar*  prosont  (Rof  2tl4S«150).  Pratt  also  Indleatos 
that  duo  to  th*  randoa  generation  of  hol*«*l*etron  pairs  In  a solid* 
state  detector,  both  th*  optical  signal  and  th*  background  light  (In 
atawsphorle  systoas)  also  will  cause  shot  nolso  (Rof  2tlSl).  Finally, 
duo  to  th*  very  lew  lovol  signals  Involved,  Input  nolso  to  th*  post- 
dlod*  aapllflor  aust  also  b*  Included.  Pratt  Indleatos  that  a nolso 
aodol  of  th*  diode  and  Its  various  nolso  generators  can  b*  roprosontod 
by  a circuit  slallar  to  th*  on*  shown  In  Fig.  15  (Rof  2tlS7).  Her* 
current  soureos  ar*  used  because  th*  PIN  dlod*  acts  Ilk*  a currant 
source. 

New,  It  Is  noeossary  to  present  th*  two-sldod  powor  spectral  den- 
sity rolatlens  for  each  of  th*  nolso  toms.  To  begin,  Pratt  shows  that 
tho  signal  nolso  duo  to  (also  called  signal  shot  nolso)  and  tho 
nolso  duo  to  background  radiation  have  vary  slallar  powor  spoetral 
donstttos.  This  Is  evident  froa  th*  relations  for  tholr  powor  spoetral 
densities  (Rof  2tlSl). 


°sn  ■ **^*=*^“* 

(36) 

Gg  ■ 4lgt|^  wstts/Hs 

(37) 
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signal 

GaiMxator 


MoIm  Ganexators 


Load 


- Slcnal  Currant  Dua  to  Optical  Signal 

• Aaaxaga  Baric  Currant  Moiaa  Souroa 

• Aaaraga  Voisa  Currant  Dua  to  Badcground 

Llgbt(AtBoapharie  Link  Only) 

• Aaaraca  Thanal  Noiaa  Currant 


Aaaxaga  Moiaa  Currant  Dua  to  Signal 
Dataotion  Moiaa 


Afaraga  Moiaa  Currant  Contributad  by 
tba  Foat-Dioda  Aapli^Lar 

Gokbinad  Capaoitanoa  of  tha  Dioda  and 
Ziqttt  to  tha  Poat-Dioda  Aaplifiar 

Coabinad  Baaiatanoa  of  tha  Dioda  and 
Poat-Dioda  A^liflar 


Pigi  15*  PIM  Photodioda  Bquimlant  Cireuit 


S3 


IBirM-  ’ 


«h«r«  q • eharf*  of  an  oloctron  In  Coaloabs 

• avarago  eurrant  dua  to  an  portions  of  tho  signal 
Ig  ■ avarago  eufront  dno  to  background  lllialnatlon 
ti,  ■ eonblnod  dlodowHipllflor  not  load  roslataneo. 

Notleo  horo  that  Pratt*s  pouor  spoetral  danaltlos  In  eurrant  squarod 
units  havo  boon  eenrortod  to  untts  units  bp  nultlplplng  bp  Ri,.  Pratt's 
aquations  aro  also  adjustad  to  agroo  with  aecoptod  PIM  dlodo  shot  nolso 
rolatlonahlps  as  prossntod  bp  Rloss  and  othors  (Rof  19i99S).  Ihoso 
eenvorslsn  eonwontlsns  aro  fellowod  In  tho  root  of  tho  rolatlons  as 
wall.  Also,  an  AC-eouplod  elreult  Is  asaunsd,  so  a K tom  nomallp 
prossnt  la  Iqs  (36)  and  (37)  Is  dolotod*  Roeall  Bq  (37)  onlp  appllos 
to  atneophorle  links. 

Iho  pewor  spoetral  dsnaltp  of  tho  thomal  nolso  (In  anp*^  units) 
•onoratod  In  tho  dlodo  Is  glwon  bp  Gf | ■ 2KT/R^  uhoro  R^  Is  tho  ehsnnol 
roslataneo  of  tho  dlodo*  1 la  tho  tonporaturo  la  dogroos  Kolwln*  and 
K Is  Boltanan's  eenstant  (Rof  2tl56).  Cenwortlng  this  to  a pewor 
spoetral  dsnsitp  In  watts  units  plaids 

®T  ■ <“) 

■d 

Iq  (38)  takas  advantago  of  tho  fact  that  R],*  Input  Inpodaneo  of  tho 
poot«dloda  anpllflar  for  proetleal  hl|h*apoad  elreults.  For  purpaaoa 
of  this  aalanlatlan*  It  will  bo  aasunod  that  tho  dlodo  and  tho  poat- 
dotoetor  a«pllflor  aro  both  at  roan  tanpomturo*  300*k.  Pinallp*  tho 

noiao  dua  ta  tho  avarago  doth  aurrsnt  I4  has  a pawar  apaetml  dsnaltp 
af 

Og  * 4 >d  «h8ts/Hs  (39) 

Again*  a OC  tarn  la  not  ahasn. 


54 


If  th«  assiHiptlon  Is  asds  that  all  of  tha  nolsa  gsnarating  procassas 
dascrlbad  abova  ara  pairvlaa  uneorralatad  with  ona  anothar*  than  tha 
powar  spactral  danalty  of  tha  total  nolsa  proeass  Is  glvan  by 


Cs  - Gd  ♦ ®T  ♦ ♦ °A  ♦ 


an 


(40) 


whara  Gg  ■ 0 for  flbor  links* 

Raoul rad  Input  Powar  with  Parfact  Tlnlng.  Now  that  G,  has  boon 
ralatad  to  quantltlas  awallabla  In  wuiufacturlng  spool float Ions,  it  Is 
posslbla  to  solva  Eq  (33)  for  tha  raqulrad  alaotrloal  signal  powar  out 
of  tha  dloda  to  gat  a 10*^  BCR.  First,  squaring  Iq  (33)  and  substltut> 
Ing  for  Gg  ylalds 


Ijj  ■ 36*13  (Gu  a Gy  a Gg  a Ggn  a Qj^ 


(41) 


Raealllng  that  Eg  la  tha  Intagratad  anargy  of  tha  high  portion  of  tha 
Hanehastar  bit.  Eg  Is  aqual  to  T|  tlnas  tha  load  raslstor  R],  and  tha 
squara  of  tha  signal  currant  Gig*  Thus,  substituting  for  Eg  and  tha 
warloua  powar  spactral  dansltlas  ylalds 


w 


C 


'^iVs*  " ( Go  ♦ Gt  ♦ Gb  ♦ « »L*s  ♦ °A 


This  Is  than  solvad  for  Ig,  rasultlng  In  tha  ralatlen 


(42) 


36*13  q a ^*303  x 10*  q*  ♦ 1*43  X 10^  (G^aGyaGgaG^) 

2Ti 


(43) 


lha  raadar  will  gain  a battar  appraelatlon  for  sons  of  tiia  work 
to  follow  If  a nunarleal  walua  of  Ig  Is  datamlnad*  Per  this  dasl^i 
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•eudr»  an  BG  and  6 SHS-100  MN  dioda  haa  baan  aalaetad  for  tiia  datac- 
tor.  Soaa  of  thla  dloda'a  oharaetorlsties  ara  tabiilatad  In  Tabla  IV. 
Alaa,  tha  paac-dlada  aapllftar  aalaetad  la  tha  Taxaa  laaeruMuts  TIXL 
132  latofroead  elrealc*  aliooa  eharaotorlatlea  and  aqulvalant  clreuit 
ara  ahoan  In  labia  V and  Fig.  16  raapaetiaaly. 


Tabla  IV 

aiametariatlea  of  tha  CGM  SHS-100  Pin  Photo  Dlada 


Spaatral  Baapanalvlty,  1^  at  X ■ 860  nn 

0.62  A/W 

tlaa  tlna  (10-9091) 

4 X 10-^  Sae 

Dark  eurrant  at  123  volt  Blaa 

i<r®  A 

Capaeltanea 

4 pf 

Area  af  aetlva  aurfaea 

3.1  ..2 

Mlniaun  ehanaal  raalatanea 

1 X 10®  OhM 

Ihbla  V 

Charaetarlatlea  of  tha  1.1.  IIXL  132  ik^llflar 

Input  Malaa  'Arrant'*,  1^ 

3 PAA^ 

Panmrd  Inmafar  Inpadiea,  k( 

12  X 10^  volta/anp 

Input  fnpadiea,  S| 

300  ahna 

Bandvldth 

20  Mb 

Par  tha  dlada  and  aapllflar«  tha  load  raalataaea  la  alaaat  totally 
datanlnad  by  tha  lav  lapnt  Inpadanaa  o'  anpllflor.  da  a manlt, 
t|,  • 300  ohaa.  Oalag  thla  with  tha  dlada  dark  eurrant  af  10”^ 


rig.  16.  TIXL-152  lqidval«nt  Circuit  (Reproduced  with  permission, 
Copjrrlght  1976)  (Rof  20030) 


r 


C 


provides  a value  Gq  of 


Gfl  - 2q  IjRj^  - (1.6  X 10"^’)  (10“®)  (300)  - 4.8  x lO"^^ 

(44) 

Next,  assualng  a roan  teaperatura  of  300°k 


Ct  . 2KT. 

I X 10® 


8,28  X 10"^^ 


W/Hz 


(45) 


Finding  a value  for  Gg  Is  not  quite  so  easy.  First,  the  optical 
pover  falling  on  the  detector  diode  must  be  found.  This  Is  given  by 
Eq  (6),  The  result  using  values  for  the  optics  system  given  In  Eqs 
(13)  and  (14)  Is 


® 4 


IT(0.378)(0.01)(6.8  x 10"^)^ (25.4)^  ^8  x 10*^) 


4 


« 7.09  X 10"®  U (46) 

The  responslvlty  of  a photodiode  relates  the  average  diode  output  current 
to  the  amount  of  Incident  optical  power.  Since  the  diode  selected  has 
a responslvlty  of  0.62  aap/vatt,  the  resulting  value  of  Is 


Ig  - (0.62)  (7.09  X 10"®)  - 4.4  X 10"®  asp  (47) 

So 

Gg  - (1.6  X 10"2®)(4.4  X 10"®) (300)  - 2.1  x 10“25  w/h*  (48) 
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Next,  tha  noise  currant  of  the  TIXL  152  must  ba  converted  to  a 
power  spectral  density.  First,  the  noise  current  i,^  listed  is  a single- 
sided tern.  So 


Ga 


2 


(3  X 10*2)2  300 
2 


1.35  X 10*21  W/Hs  (49) 


Finally,  linitatlons  posed  by  the  timing  performance  of  realisable 
circuits  mean  that  the  integration  period  must  be  slightly  shorter  than 
one-half  a bit  period  (this  will  be  further  discussed  in  the  section  on 
timing  recovery).  Therefore,  a reasonable  value  for  T|  is  2.8  x 10*^ 
sec.  Using  this  and  the  values  in  Eqs  (44),  (45),  (48),  and  (49), 

Eq  (43)  yields  a value  for  Ig  of 


I,  - 2.42  X 10*®  amp 


(50) 


Mote  that  this  value  is  for  the  atmospheric  link  because  Gg  was  added 
to  the  value  for  Gg.  However,  since  Gg  is  small  compared  with  the  sun 
of  the  other  noise  terms,  Eq  (50)  is  valid  for  either  link  for  the 
niaber  of  significant  digits  shown. 

Next,  recalling  that  the  PIN  diode’s  responsivity  is  0.62  amp/W, 
the  required  signal  optical  power  at  the  photodiode  is  3.9  x 10*®  V. 

Now,  it  is  necessary  to  show  that  the  value  for  Ig  in  Eq  (50)  does 
not  require  alteration  when  the  performance  of  the  timing  recovery 
circuit  is  considered.  This  analysis  follows  in  the  next  section. 

The  Tlmlna  tacorarw  Circuit 

The  Clalag  raeawery  circuit  la  required  to  aynchrcnlse  operation 
ef  the  IHO  elroulta  In  the  slvuil  precesslng  chain  with  tha  Incoming 
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•l9Ml.  AddltlOfUilly,  th«  tlalng  r«eev«ry  elreult  provldM  an  output 
clock  which  !•  nocoosary  tor  slaplo  coaputor  Intorfaclns. 

Acourato  operation  of  tho  tlalng  rocovory  circuit  Is  ooacntlal  If 
tho  error  calculations  for  the  signal  processing  train  are  to  be  valid, 
fteferrlng  to  Pig.  14,  it  Is  evident  that  if  the  tine  periods  a-b  and  c-d 
are  displaced  sufficiently  with  respect  to  the  slgnal*s  tlalng,  then  the 
IHO  circuits  will  Integrate  an  Incorrect  saaple  of  the  received  signal. 
The  tlalng  elreult  can  shift  its  tlalng  Interval  with  respect  to  the 
Input  signals  In  two  ways.  First,  the  tlalng  elreult  nay  bo  nonlnally 
lodted  to  the  transaltted  signal  but  asy  drift,  or  Jitter,  back  and 
forth  around  the  proper  synchronisation  point.  Second,  the  tlalng 
reeovory  circuit  can  beeosM  totally  unsynehronlsed.  In  either  case.  If 
tlalng  Intervals  a*b  and  e*d  are  displaced  excessively  froa  the  desired 
position,  the  output  of  the  signal  processing  section  will  becoae  totally 
Invalid.  Therefore,  design  of  the  tlalng  recovery  circuit  aust  Insure 
that  total  loss  of  leek  Is  SBCtrassly  unlikely  and  that  the  aaount  of  the 
jitter  present  In  a nonlnally  locked  tlalng  circuit  Is  low  enough  so 
that  very  few  errors  result. 

Circuit  £2o£4imtlfll*  Oie  tlalng  recovery  elreult  selected  for 
this  receiver  snpleys  a phase«leeked»loop  detector  with  an  Integrating 
phase  eeaparcter.  This  elreult  Is  oapable  of  decoding  the  tlalng  In* 
fematlon  la  Msnehester  signals  and  takes  advantage  of  tiie  superior 
noise  perfemaaoe  of  integrating  deteetlsn  schenes.  In  addition  to 
the  phaao*loeked-ieop  elreult,  the  tlalng  reeovery  section  of  tiie 
reeolvor  also  Includes  aeeeosary  esntrol  circuits  to  drive  the  signal 
proeesalag  train.  A block  dlagran  of  tho  elreult  appears  In  Fig.  17 
and  a deaerlptlon  of  the  eonpenents  shewn  in  Fig.  17  follows. 


Control 


Digital  Control  Lino 


r 


lh«  latagratlng  phM*  e«apftrater  elreule  for  tho  phaso-lookod-leop 
!•  eoapoood  of  onotlior  IHi)  clreult*  Idontlcal  In  eonotnictlon  to  tho 
onoo  alroodjr  dooerlbod  for  tho  clgmil  proeooolng  train*  Hovavor*  both 
tho  eontrol  and  dnap  linoa  for  thia  phaaa  eaaparator  aro  indopondant 
of  othar  llaaa  In  tha  raealvar. 

lha  output  of  tha  phaaa  eoa^arator  paaaaa  through  a polarity 
aalaetian  elreuit  eanpoaad  of  an  Inrartar  and  aalaetor  awlteh.  Tha 
aalaetor'a  oparatlon  la  oontrellad  by  tha  output  aignal  froa  tha  algnal 
prooaaaing  train.  Thia  daeiaion-diraetad  faadback  elreuit  la  raquirad 
bacauaa  tha  polarity  of  tha  arror  algnal  fren  Intagrating  phaaa  datac- 
tor  tfiangaa  with  tha  typa  of  data  bit  trananlttad  aa  vail  aa  vlth  tha 
diraetlon  of  drift  in  tlnlng  arror.  Tha  axaet  oparatlon  af  tha  polarity 
aalaetor  will  ba  datallod  latar. 

Following  tha  polarity  aalaetor  la  a aanplownd*hold  elreuit.  It 
ateraa  error  Infotnatlon  ealeulatad  In  tha  pravloua  bit  Intarval  while 
tha  arror  infomation  In  tha  eurrant  bit  Interval  la  being  proeaaaad  by 
tha  phaaa  dataetor  and  polarity  aalaetor. 

Tha  output  of  tha  aanpla*and-hold  elreuit  la  filtered  prior  to 
raaehlag  tha  eantrol  Input  to  tha  VOO  (valtaga^ontrollad  oaelllator). 
The  low-paaa  filter  haa  a relatively  lav  eutoff  fraguaney,  aa  tha 
eontrol  voltage  to  tha  VOO  varlaa  alawly  In  tine  eonparad  to  tha  ehanga 
In  tha  valuaa  fren  tha  aanpla-and^eld  elreuit. 

Tha  VOO  aetually  aparataa  at  aena  integer  nultlplo  froguaney  of 
l.S  Mia.  The  output  of  tha  VOO  la  paaaad  through  a divider  tihaln  ao 
that  tha  avantual  output  la  1.5  Mia.  In  addition^  a aarlaa  af  praelaaly 
tlnod  pulaaa  are  genoratad  by  tha  divider  ehaln  during  aaeh  tlnlng 

•t 


r-.. 


1h«  fMdbAok  loop  C*r  th«  phas»>loflk«l»loop  Is  elessd  by  oslnt 
tlalag  stgnsls  dsrtTSd  frai  ths  VCO  to  eontrol  tho  iatscrstlon  porlod 
of  tho  latogratlng  phaso  eooporotor.  As  tlalng  ohsngos  ooetir,  tho  tia- 


Ing  of  tho  Intogtatlsn  porlod  ehsagos  with  rospoet  to  tho  aldpolat  of 
tho  Hsaehostor  si  viol « rooulttni  to  tho  orror  sl^uils  aoodod  to  ^sago 


tho  VCO  froquoaey  to  rospnehrsnlso  tho  roeoloor.  As  will  bo  shoon,  tho 
closod*loop  rospoBOo  of  tho  phoso*lodcod>loop  esn  provldo  SKeollsnt 
stability  and  aeeuraey  for  tho  systoa. 

VtotM  Circuit  OporatiOB.  Basieally,  tho  circuit  cutltood  to  Pig. 

17  is  a fota  of  digital  phaso-lockod*locp.  itodlticaally,  tho  phaso 
BBop orator  circuit  uaod  has  a saotooth  shaped  phaso  orror  rorous  output 
oigBol  curve.  Iho  oporaticB  of  this  gsaoral  class  of  loops  has  booB 
doocrlbod  by  sovoral  authors,  toeludiag  Byrao  (lof  21).  As  a result, 
oaly  special  diaroetorlstios  of  this  particular  circuit  vill  bo  covorod. 
to  tho  doooriptlca  to  follov,  too  reader  aay  f tod  it  helpful  to  refer 
to  too  sigaal  tialag  diagrsas  In  Pig.  18.  It  should  bo  noted  that  Pig. 

18  assisMS  porfoct  tiatog  botooan  too  input  signal  sad  too  VCO.  Also, 
ovsa  uhoa  a loos  of  oyashroaisatlsa  does  eecur,  all  signals,  sucopt  for 
tho  input  signal,  rotato  tho  saao  relative  tiao  rolationshlps  with  sao 

T*  hogla  the  daaeriptlas  of  tho  elreuit*s  oporatlca,  sssais  that 
a atrtag  of  ihMshisrir  oodod  saao  is  hotog  rscoivod  snd  that  too  VCO 
Is  ajashroalaod.  100  to  AC  ooupltog  to  tho  poet  diode  sapllflor  and 
tho  ayuBstry  of  a Msnshostar  coded  signal,  tho  output  of  too  totograting 


phas«  d«t«etor  la  aara  bacaaaa  tha  dataetar  iatagrataa  ayBaatrlealljr 
arouad  tha  paint  idiara  tha  palarity  ehaaga  aeaura.  Ihla  aaana  that  tha 
autput  af  tha  palarity  aalaetar  and  aanpla-and-hald  elrealta  ara  alaa 


aara  (in  tha  ahaanea  af  nalaa).  Aaaunlng  parfaet  aynahranlaatlon  haa 
aalatad  far  aaaw  tlaa,  tha  lowpaaa  flltar  autput  haa  baan  at  aara. 


Ik*  output  af  tha  aaapla*aiid*hold  elrault  eauaaa  no  dianga  in  tha 
flltar  output*  and  tha  VCO  fraquaaay  ataya  oanatant. 

Naat*  aaaiaia  that  a drift  la  ajnehranlaatlan  aeeura*  pathapa  dua 
to  nolao.  Mau,  tha  latagratlon  parlad  la  not  ayunatrleal  around  tha 


■id-point  of  tha  traaaalttad  algnal.  da  a raault*  tha  phaaa  eonparator'a 
output  uarlaa  ttm  aaro  with  a aagnituda  rolatod  to  tha  aaouat  of  drift. 
Ihla  arror  aitnal  la  eauplad  through  tha  palarity  aalaetar  «id  aaivla- 
andHiold  olreulta  to  tha  low-paaa  flltar.  lha  output  af  tha  low-paaa 
flltar  alawly  fallaua  tha  arrar  al^Ml*  and  tdia  VCO  baglna  to  altar 
fragutey  to  raaynahranlaa  with  tha  traaanlttad  algnal.  Irrar  algnala 
eantlnua  to  ba  ganaratad  la  aaeh  bit  parlod  until  tha  tlalng  arrar  haa 
baan  allalaatad. 


dt  thla  tlaa*  tha  raaaan  far  tha  polarity  aalaetar  elrault  Aauld 
ba  diaeuaaad.  daawa  that  a tlalng  arrar  aclata  aa  ahaun  In  Fig.  19. 
Matlea  that  tha  autput  af  tha  phaaa  eauparatar  haa  a dlffaront  alga  at 
tha  eaaplotlan  af  tha  Intagratlan  parlad  dapandlng  upon  ahathar  a 


If  tha  typo  af  bit  aant  In  tha  Intaraal  la  datanlnad  (1  or  0)*  than 
tha  al0B  af  tha  arror  algnal  ean  ba  adjuatod  aa  that  tha  arrar  algnal 
vlll  glwa  a trua  raproaantatlaa  at  bath  tha  anaunt  and  dlraetlan  of  ti 


phM«  arror.  Hits  nMd  to  eorr«et  th«  slpi  of  orror  olgiuilo  is  cho 
roMOR  for  tho  polarity  aolaetor  olreult.  Iho  praeodlng  arguMnta  also 
oKplala  shy  tha  saapla-and-hold  eireult  and  tho  Intagratlng  phaso 
dotaetor's  dunp  eontrol  linos  ara  strobod  oarly  in  oaeh  bit  poriod. 
Actually,  this  oarly  strobing  controls  proeossing  for  an  orror  signal 
that  «as  dorolopod  in  tho  proeoding  bit  poriod  but  which  could  not  havo 


a sign  ass ignnsnt  nado  until  tho  data  bit  was  dooodod.  Ihus,  tho  po- 


Inrlty  saloetor  and  satnplo-and-hold  etreuita  aro  inportant  olanonts  in 


tho  phaao-loefcod-loop  eireuit 


For  this  roeoivor,  tho  aost  inportant  roquirsnonts  for  tho  tining 


circuit  aro  that  Jittor  varlanco  aust  bo  low  and  that  tho  rocoiwor 


pbaao-loekod>loop  auat  not  loose  loac  wlion  tho  eloek  in  tho  tranaaittor 


drifts.  Both  eharactaristies  aro  rolatod  to  tha  lowpass  filter  band 


width.  If  tho  tiao  constant  of  tho  low*pass  filter  is  too  long,  tiion 


fast  drifting  of  tho  tranaaittor  eloek  can  oneoad  tho  traeking  eapability 
of  tho  loop,  and  a leas  of  look  raoults.  On  tho  other  hand,  if  tho  tiao 


eenatant  is  too  short,  tha  Jitter  bandwidth  la  largo  and  phaso  jittor 
of  signlfleant  aaoants  will  bo  praaant. 


This  soetian  prowldas  an  ostiaato 


of  tho  offoets  of  naiao  on  tha  tialag  eireult.  It  will  bo  argued  that 


tha  naiao  filtering  aetlsa  of  an  IHO  eireult  being  used  aa  a phaao 
eeaparator  prawldao  additional  flltoring  rolatlwo  to  tho  elosod-loep 


roaponaa  of  tho  phaaa*loekad»loop.  As  a result.  It  will  bo  argued  that 
far  aelsa  analysis  a phase* Isefcad- leap  using  an  Intagratlng  phaso  eon* 


■ ean  bo  aedalad  by  a pkasa*laokod*losp  with  a linear  phaso 
Iter  praeodad  by  an  IndspandMt  Intagratlng  filter.  Iho  reader 


Is  Mucl«B«d  that  that*  la  aoaa  doubt  about  tho  validity  of  consldorlng 
tho  latogratlag  flltor  to  bo  oKtomal  to  tho  phaao-loekod-loop.  Thua, 
total  rollaaeo  eamot  bo  plaeod  la  tho  aaalysla.  Oh  tho  posltlro  sldo, 
tho  aasuaptlODO  aado  la  tho  following  dorlvatlon  do  sooa  roaaoiuiblo,  and 
tho  aaaorleal  rosults  agroo  eloooly  with  tho  doaonatratod  porfomaneo 
of  othor  phaao«loekod-loop  elreulta.  Aa  a roault,  tho  author  foola  that 
thla  aoetlon  prowldoa  a aot  of  roaaonablo  atartlng  paraaotora  for  tho 
doalga  of  an  aaporlaantal  elreult  to  conflra  tho  actual  loop'a  porfora- 
aneo. 

In  tho  following  aaalyala,  tho  Jlttor  bandwidth  of  a llnoar  phaaw 
lockod-loop  aodol  dowolopod  by  Bymo  la  uaod  to  rolato  tho  phaao  Jlttor 
la  tho  oloek  elreult  output  to  tho  roaultlag  offoet  on  tho  orror  por- 
fomoneo  of  tho  data  proeoaalag  train.  Iho  roaulta  ahow  that  tho  aamait 
of  jlttor  proBont  In  tho  tlalng  elreult  will  hawo  a nogllglblo  offoet 
upon  tho  orror  porforaaaeo  of  tho  data  proeoaalng  train.  Aa  a roaolt* 
tho  waluo  of  Ig  glTw  by  Ig  (SO)  for  a lOT^  orror  rate  la  oaaontlally 
eorroet  owon  whan  tlalag  orrora  are  eonaldorod. 

Boforo  boglanlag  tho  jlttor  analyala»  a brlof  owonrlow  of  Bymoa* 
phaao- lookod- loop  aodol  la  glw«i.  A blo^  dlagraa  of  tho  aodol  appoara 
la  Fig.  21  (laf  21iS61,Sd4).  Horo«  tho  phaao  eoapamtor  output  la  a 
llnoar  function  of  tho  rolatlvo  phaao  dlfforoneo  of  tho  Ineonlng  algnal 
and  tho  VCO  algnal  (dlwldod  dona  to  aateh  tho  froguoney  of  tho  Ineonlng 
al9Ml).  Iho  phaao  eoapamtor  output  la  paaaod  through  a low  paaa 
flltor  of  tho  fora  ahown  In  Pig.  20b,  and  tho  flltor  output  la  uaod  to 
eontrol  tho  VCO  froguoaoy.  Iho  porfomaneo  of  Bymoo*  loop  la  dotor- 
alnod  by  tho  aoloetlon  of  eonatanta  tt|  and  a3,  and  tho  low-paaa  flltor 


C 


Divide  by 


Circuit 


a.  Loop  Circuit 


ri«.  20.  Byrne *■  FhMe-LodBid-Loop  Hotel  (Reprinted  vlth 


coapaii«nts«  Of  particular  laportaaea  is  tha  phase  eoaparator  constant 
a|.  It  has  units  of  rolts  par  radian,  and  daacrlbas  tha  convarslon 
efficiency,  or  gain,  of  tha  phase  conparator.  The  value  of  a|  Is  da* 
temlned  by  the  physical  construction  of  tiie  chosen  phase  conparator 
circuit,  and  a nunorlcal  value  for  tiie  IlD  type  of  phase  conparator 
will  be  given  later. 

To  begin  the  jitter  analysis,  several  assuaptlens  will  be  nade. 
Byrne  assunad  that  noise  In  his  loop  was  Gaussian,  and  that  assunptlon 
Is  also  nado  hera.  In  addition.  It  will  be  Initially  assunad  that  a 
data  string  of  ones  is  being  sent,  end  that  the  polarity  selector  Is 
fixed  In  tha  proper  pesltlon  for  one  type  data  bits.  As  a result, 
errors  In  tiie  data  output  will  not  affect  the  operation  of  the  phase- 
leckad-loop,  and  the  polarity  solactor  and  sanple  and  hold  circuits  My 
bo  consldorod  to  be  renoved  fron  die  feedbadi  loop. 

In  the  developnsnt  of  the  eharacterlstlca  of  his  phase*lecked*loep 
nodal,  Byrne  states  that  when  the  filter  constant  ratio  T^hri  Is  nuch 
greater  than  unity,  the  following  relations  hold  (Kef  21iS9S) 


2 Bj 

n a ’ Ti 


(51) 


(52) 


where  T|  and  T2 

^e 


a 


filter  constants  (Fig.  20) 

pash  value  of  phase  error  due  te  a stop  change  la 
Input  signal  frsgusnoy 

loop  gala  Of  the  FLL  (Pig.  20) 
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^fl  ■ step  ^ans«  in  Input  fruqumey  in  Hs 
Bj  • •^ulualflBt  elMud  loop  jietor  bandwidth  of  tho  PIX. 
Uoiag  Ifo  (SI)  and  (32),  It  la  poaalblo  to  ahow  that 

Bj  p,  - n*  Afi  (S3) 

For  a glwan  aot  of  tlnlng  algnala  ouch  as  ahoun  In  Fig.  18,  it  la 
poaalblo  to  apoclfy  tho  largaat  waluo  of  phaaa  arror  botwoon 

tho  VCO  and  in coning  signal  whleh  will  not  causa  Intogratlons  owar 
Inpropar  raglons  of  tho  data  signal.  Also,  for  a given  eloek  circuit 
la  tha  erananlttar.  It  la  paaslblo  to  dotamlno  a largaat  nepaotad  valua 
Of  Afi*  lharafora,  Iq  (S3)  anablas  tha  calculation  of  tho  anallaat 
value  Bj  which  will  not  raoult  In  loss  of  lock  duo  to  nomal  transnlttar 
eloek  drift. 

ItaKt,  rafaronea  to  Fig.  lA  Indleatas  that  tha  "valtaga**  power 
apaetral  donslty  given  by  ■«  (30)  la  praaant  at  tha  Input  to  tho 
phaao  eonparator  as  wall  aa  tha  two  slgnal«pracasslng  mp  circuits. 
Howavar,  tha  value  of  Ctg^  la  voltago  units  nust  bo  eonvartod  to  tha 
aqulvalant  radian  *VM*r'*  apaetral  danalty  paroalvad  by  Byma*s  olnpla 
phase  eonparator  before  tha  ralatlonahlp  for  Bj  will  pamit  ealculatlaa 
of  tha  varlanea  of  tha  VCO  output. 

Vo  begin  tho  davalapoMnt,  eansldar  tha  output  of  tha  IntogratliW 
phase  datoctor  whan  a tlnlng  error  OKists.  lha  Input  to  tha  phase 
dataatar  Is  tha  signal  s(t)  plea  additive  Oouailan  nalaa  n(t).  For 
tha  tlnlng  parlada  a*f  and  g*h  ralatad  aa  dapletad  la  Fig.  IP,  tha 
autpttt  valtaga  fran  tha  UP  alreult  la 
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(54) 


«h«ro  K ■ on  Intogrotor  conotoat 

Vg  - tho  Intogrotor**  output  voltoto. 

Mow,  tlao  g«h  to  diroetly  rolatod  to  tho  phooo  orror  botwoon  tho 
slpialo  and  p^.  Slneo  o(t)  la  eonatant  In  oaeh  half  of  a bit  porlod, 
tho  firat  part  of  Eq  (54)  can  bo  writtan 


f / a(t)  dt  - aj  01  - p^)  (55) 

s 

uhoro  tti  la  alaply  tho  aaao  eonatant  as  In  Bymo'a  nodal.  Aa  a roault, 
Cq  (54)  ean  bo  writtan  as 


■ «1  (P|  - Po>  ♦ «1  < 5^  / «(t)  4t  ) 


• *1  ^ Pi  • Po  * 5^  / ) 


(56) 


Noxtf  assuno  that  tins  o*f  Is  ossontlally  constant^  ao  that  tho 
Um  nolso  dooa  not  dopand  upan  tho  phaso  orror  P|  • p^. 

saaunptlon  saans  roasonablo  boeauso  tins  o«f  warloa  wary  llttlo 
for  tho  notnal  raago  of  froquanoy  ehango  anoountorod  In  praetleal  phaao* 
loekod*loop  VCO*s,  If  this  assiaptlon  Is  aado*  ttian  tho  portion  of 
oausod  by  tho  Input  nolso  Is 


_L 

«i  < ofr  / ■<*)  ) 

* o 


(57) 
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fitwm  T|0  ■ f*«  It  t oonataat  •qtuil  to  th«  avarag*  latagration  tlM 
of  tha  mo  elreult. 

Mow  Sq  (37)  la  wary  Intaroatlng.  It  Indieataa  that  could  ba 
eonaldarad  to  ba  tha  raault  of  paaaing  tha  noiaa  voltaga  froa  tha  poat* 
dloda  aapliflar  through  a aarlaa  eoablnatlon  of  an  Intagratlag  flltar 
and  a llnaar  phaaa  ccaparator  alaaant  with  a traaafor  function  tt|. 

Ihua,  In  ccaparlng  Eq  (37)  to  Iq  (36),  It  la  awldaat  that  tha  noiaa 
powar  apaotral  danalty  at  tha  Input  to  Byma'a  llnaar  phaaa  conparator 

alaaMnt  In  Pig*  20  will  ba  tha  raault  of  pausing  G*  through  an  Into* 

•y 

grator  with  an  Intagrator  canatant 

K*  - a|K  (38) 

As  a raault,  tha  phaaa  Jlttar  at  tha  output  of  tha  VCO  can  ba  eonaldarad 
to  raault  fran  passing  through  tha  Intagratlng  flltar  In  aarlaa  with 
a phaaa-loekod*loop  flltar  of  aqulwalant  bandwidth  Bj. 

Taub  and  Schilling  hawa  shown  that  tha  naviltuda  aquarad  tranafar 
function  of  an  Intagratlng  flltar  la  (Baf  18i232) 


Tl# 


(39) 


Also,  tha  nagnltuda-squarad  tranafar  function  of  a part act  ractangular 
flltar  af  bandwidth  Bj  la  glvan  by 


I r 1*1 

■-(f)  - \ ^ 

' ^ I (^0,  also 


(60) 
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Am  m rMult,  th«  yarlane*  ot  th*  output  ph«ao  Jittor  duo  to  « oaoeado 
of  thoao  fllton  Is 


2 , J . . I..  ,.J2 


°p.  • L I "‘‘'’I  " 


. Sr*  Tj#  ^*J  ^ Sin  (TT  T|g  f) 

) "*J  IT  T|0  f 


df  (61) 


A ehanso  of  ynrinblo  givoo 


0 * . ( aius))* 

P.  noc.)^  * 


(62) 


Moo,  booauoo  1«  on  tho  order  of  10*^  and  Bj  for  • phaao-lookod- 
ioop  la  uaually  such  laaa  than  10^,  the  Integral  in  Eq  (62)  ia  approKl- 
nately  equal  to  2n  r^^  Bj.  Also,  reeall  that  - |Ay|^  C,  B,^  froa 

iq  (30)  and  the  eonnenta  following  Iq  (35).  Aa  a reault,  Eq  (62)  nay 
be  aelwed  to  yield 


. ^ ^ V k^l  «i.  , 


radiana^ 


(63) 


prewided  that  Bj  « 10^  and  the  phaae  lag  filter  eonatanta  are  au^ 
that  » 1. 

It  aheuld  be  recalled  that  Bq  (63)  haa  been  derived  taider  the 
aaauaptlon  that  errora  in  the  data  output  de  not  affect  the  Jitter 
perfenMnee  of  the  tinlag  recovery  circuit.  To  Juatlfy  thia  aaawption. 
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a miMrleal  mawar  far  tn  (63)  will  ba  prasantad.  Than,  using  tha 
rasults  of  this  maarieal  analysis,  it  will  ba  arguad  that  tha  actual 
phasa*lo^ad-loop  circuit  with  daeislon-diraetod  faadbadc  will  hawo 
assantially  tha  sana  walua  of  output  phase  warianca  given  by  Eq  (63). 

Iha  aunarieal  avaluaticn  idii^  follows  is  basad  upon  usa  of  an 
IHO  circuit  uhi^  has  an  intagrator  constant  K ■ 6.8  x 1(T^  md  uhidt 
is  dasignad  for  usa  with  Hanehastar  coded  signals  which  wary  ± 4 waits 
around  a saro  wait  naan.  These  waluas  nat^  Aosa  of  an  axlsting  low* 
cost  circuit  being  dawalopod  by  tha  author. 

To  awaluata  Eq  (63)  sawaml  assinvticns  nust  ba  nada.  To  begin, 
tha  walua  of  will  ba  arbitrarily  salactod  as  equal  to  1/2  bit 
period,  or  3.33  x 10*^  sac.  Using  this,  tha  walua  of  cm  ba  da- 
taminad  fran  a knowledge  of  tha  required  signal  anplituda  at  tha  IHO 
input  and  tha  signal  lawal  present  at  the  output  of  tha  detector  diode. 
To  datamlna  tha  signal  lawal  out  of  tha  diode,  tha  assunptien  is  nada 
that  tha  slgnal«t»wkOisa  ratio  of  tha  racaiwer  is  ultlnataly  cetarninad 
by  tha  noise  parforaanca  of  tha  data  processing  train  rather  than  tha 
tining  racowary  circuit.  Allowing  this  ass«niptlea  naens  that  tha  ra* 
quirad  walua  of  I,  is  giwan  by  Eq  (SO)  as  2.42  x 10*^  anp.  Since  Oils 
current  drives  tha  300  ehn  lead  in  tha  post-diode  anplifiar,  tha  peak- 
to-psak  output  voltage  af  tha  diode  is  7.26  x lO*^  volts.  This  lawal 
■nst  ba  baastad  to  tha  eight  volt  paak-ta-paak  walua  needed  by  tha  ISO 
circuit.  Thus,  I A^l  is  1.10  x 10^. 

Halt,  a walua  for  can  bo  datarninad  by  noting  tha  resulting 
output  voltage  of  tha  IHO  circuit  when  tha  input  phase  is  shifted  a 
knOMi  anount.  Far  etcnapla,  censidar  a tining  shift  af  ir/2  radians 
occurs.  This  corroopands  to  shifting  timing  period  a-f  in  Pig.  19  to 
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fch«  l«Ct  bjr  1/4  4le  period.  Ac  a rasolt  of  tho  elalag  ahlfCt  tlio  Input 
▼oltaga  to  tho  phasa  eoaporatar  la  eaaatant  at  o4  volts  for  tha 
aatlra  tlalng  period.  Iha  output  of  aa  latagratar  with  a eaaatant  Input 
la  glvaa  by  T|/K  (laf  18tM7).  Tharafara,  - 19.6  volts. 

Slnea  this  corraapeads  to  the  output  daa  to  a n/2  radlaa  phasa  shift, 

■ 19.6/ (n/2)  ■ 12.S  volts/rad. 

Finally,  a value  for  la  aoadad.  Fraa  tiia  aaswvtlan  that  I,  ■ 
2.42  X 1(T^  aap,  Bq  (36)  pacaits  ealeulatlag  that  ■ 1.16  x 10*^^. 

Ihaa  using  values  af  tha  other  ceapaaaats  of  G,  given  by  Bqs  (44),  (43), 
(43)  and  (49),  G,  - 1.33  x lOT^^  V/Hs. 

Using  tha  values  datatalnad  above,  ■«  (63)  gives  a value  for  the 
varlaaee  of  tha  output  phasa  signal  as 

2 2(1.35, X 10’*^)  (3.33  x 10“V(1.10  x 10*)*(300) 

(12.3)*  (6.8  x 10“®)* 

- 1.31  X 10**  8j  (64) 

Iha  author's  sKparlsaea  with  aryBtol*eaBtrollad  claeks  Indleatas 
that  ahert-tam  fraqusaoy  shifts  are  very  aaall,  sad  that  Aff  In  Iq  (33) 
ean  prebably  be  aade  sa  tha  ardor  of  1 Ns.  If  tho  tlalng  In  Fig.  19  Is 
sssuasd,  than  • 0.047  tedlsas  uhaa  latagratlaa  errors  batia  la  tha 
data  praeasatag  train.  Thus  Iq  (53)  Indleatas  that  8j  ■ 209  Ns.  As  a 
result 

0^  * • 3.16  X 10“*  (63) 

Pa 
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This  Mans  tha  standard  darlation  af  tha  autput  jlttar  la  snip  S.61  x 
10*^  radiana.  1harafara»  Car  tha  timing  ralnaa  salaetad  hara»  and 
aaaumlng  that  data  arrors  da  nat  affaet  tha  polarity  aalaetar,  tha 
probability  that  0^  will  dlffar  from  tha  propar  raliaa  by  nora  than 
“ 0.047  radians  (a  valua  of  about  8 atandard  donations}  Is  vary 
SMllf  bolng  cn  tho  ardor  of 

Nov,  tho  pravlausly  nada  asaunptloa  that  tha  data  arrors  would 
hawo  no  offoet  on  tha  parfananea  of  tho  phaso-lackod-loop  will  bo 
dlsousaod.  To  bagln»  rafarsneo  ta  Fig.  17  indleatas  that  tho  polarity 
aaalgsnant  elreutt  output  paaaaa  through  tha  low-paaa  flltar  bafora 
roach Ing  tha  VCO.  bacaasa  of  tho  wary  law  cutoff  fragosncy  of  the  low- 
paaa  flltar»  cm  Isalntad  sign  assl^mMit  error  duo  to  an  incorroet  data 
output  will  hnwo  nagliglbla  affaet  an  the  ecntrol  woltaga  to  tho  VCO. 
Slneo  a properly  synehrsnlsad  raealwar  will  only  aaka  ona  data  error  In 
awary  10^  output  bits*  and  since  those  arrors  arc  prasumad  to  bo 
randomly  apaead*  tha  affaet  of  tho  signal*traln*dcpsmdsnt  orrors  on  tha 
phasa-laekad-locp  will  ha  wary  sMll.  From  tha  nuMrleal  analysis  Just 
ecmplacad*  It  can  also  ba  eonelndad  that  additional  data  errors  which 
result  from  timing  errors  dM  ta  nalsa  Input  to  tho  phase- locked- loop 
esnparatar  arc  nagliglbla.  Thus*  tha  fraguaney  of  Ineerroot  data  salae- 
tlcns  far  a synehrsnlsad  raealwar  Is  sa  low  that  the  law-pass  flltar 
should  wlrtually  allalaata  tha  added  affaeta  of  polarlty-saloetor- 
Indscad  jitter. 

iasiiirad  iKMk  XSBK  litH  lllte  fiMlitlCIl*  preceding 

argunmita,  it  Is  apparent  chat  addltlsmal  errors  In  the  data  autput  of 
tha  raealwar  cauaad  by  mIso  affects  on  tha  cluing  circuit  should  ba 
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•Mil  mmtifii  to  bo  ignorod  «h«n  oooporod  to  tho  orror  roto  of  10*^ 
ohleh  rooulto  olion  porfoet  tiaiag  to  aoooMd.  Honeo,  Oio  laportant 
tlaing  eatoldoratloa  to  aot  jtttor»  bat  lo  rothor  tho  aaooat  of  tlao 
roallsablo  olreulto  for  tho  fmotloas  la  Fig.  14  aad  17  aood  to  daiv 
oad  traaofor  oignols.  Froa  oBiporiaoatal  rooulto  with  tho  prototypo  IHO 
elreult.  It  iw««n  that  tho  tlalag  roUtioao  ohoon  la  Fig.  21  oro 
opproalaotoly  eorroet.  So  T|  for  ISO  1 oad  2 to  about  2.8  x 1<T^  ooe. 
Ualag  thlo  waltto  la  Ig  (43)  ladieatoa  tho  roqulrod  lorol  of  I,  to  got 
a 10*^  BU  yloldo 

I,  > 2.42  X 10*^  o^po  (66) 

uhloh  lo  tho  ooao  rooult  ao  Iq  (31).  Ao  wao  aloo  ohooa  prorloualy,  thm 
roqulrod  optloal  powor  at  tho  dlodo  with  a dlodo  roopoaolwlty  of  0.62 
4ap/watt  roaalao 

P*  • '**0  62^^'  ^ 

owoa  idion  tho  oatlelpatod  offooto  of  tho  tlalag  elreult  aro  eoaoldorod. 
ltSliZI£ 

Although  tho  hardaaro  doolga  of  tho  roeolwor  lo  aot  eeaploto,  ooao 
oaporlaoaul  rooulto  with  oa  IMO  elreult  aad  tho  ealeulatlaao  aado  la 
thlo  ehaptor  do  poralt  ooao  rough  ootlaatoa  of  tho  parte  eoat  for  tho 
flbor  aad  ataoophorle  rooolwora.  Slaeo  both  roeolwora  uao  a nnaana 
olootrealea  paokago,  thlo  Itea  will  bo  dlaeuaaod  flrot.  Ihoa,  tho 
eoota  of  tho  addltloaal  Itaae  for  tho  ataoophorle  ayatoa  eptlea  will  bo 
addrooaod. 

Iho  author  bollowoo  that  tho  dotoetor  dlodo  «id  poot  dlodo  aipll* 
flor  oaa  bo  built  with  about  $100  worth  of  porto.  Iho  aala  Itoao 
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Ineludad  mrm  th«  SHS-100  phoce^lod*,  a TOCJL-tS2  dloda  aapllflar,  and 
two  IM  733  wlda-baad  Mpllflara.  iln  ACC  aapllfiar  ualnt  an  IM  308 
oparatloaal  aapllflar  ia  alao  Ineludad. 

nia  mo  elreulta  ahould  ooat  about  $40  aaeh.  Ihla  la  baaod  upon 
usa  of  IM  318  hich-apood  oporational  anptlflora.  Stneo  throo  IHO 
elreulta  aro  roqulrod  for  tho  roeolvor*  tho  total  coat  of  the  mo'a  rm» 
about  $120. 

Hio  polarity  aoloetor  and  tha  aanplo*and-hold  elreulta  ara  alae 
eonatruetad  fren  IN  318'a.  Coat  for  the'  eertlnod  elreult  la  OKpoetod 
to  bo  $40. 

Tho  VOO  and  Ita  divider  train  will  bo  eonatruetod  fren  an  IN  373 
ooolllator  IC  and  appropriate  Sehetdcy-elaaipod  TTL  logle  ^Ipa. 

Sehottfcy  logle  will  bo  noeoaaary  boeauao  tho  oaell later  auat  run  at 
about  90  HHa  to  provide  tho  eleaoly-apaeod  tlalng  algnala  noeoaaary  to 
eentrol  tho  IHD  elreulta.  Coat  for  thla  unit  ia  axpoctad  to  bo  $30. 

The  algnal  output  aoetlen  will  uao  an  IN  361  high  apood  eoavarator 
and  a 74$74  D typo  lateh.  Coat  la  axpoetod  to  bo  $10. 

In  addition  to  tho  funetlenal  bloeka  nantlonod  above*  tho  roeolvor 
eoata  alao  auat  inoludo  aaounta  for  power  aupplloa  and  paekaglng.  It 
la  oatlaatod  that  thoao  unlta  will  add  about  $300  to  tho  total. 

For  tho  fiber  roeolvor*  tho  only  added  eoat  la  that  for  eenaoetlng 
the  fiber  to  tho  dotootor  diode.  Slneo  thla  will  probably  bo  done 
alnply  by  elanplng  tha  diode  In  poaltlon  In  front  of  Uio  fiber*  tho 
eoat  for  tho  fiber  roeolvor  will  bo  rou^ly  equal  to  tho  eoat  of  tho 
oloetrenlea  and  paekaglng*  about  $600  total. 
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In  addition  to  tho  costs  oltod  sbors*  s rooslvor  for  tiio  staoaphorlc 
systsai  aust  also  Ineliido  an  alloaaaeo  for  tho  optics  train.  For  tho 
optica  train  proaantad  lu  this  chapter,  tho  oost  of  tho  lansos  la  $350 
aocordlng  to  dio  1976  Hallos  Grlot  Optical  Catalog  Prlco  Ust.  An  addi- 
tional allowaneo  for  focusing  aounta  aust  also  bo  Included,  and  this  la 
oapoctod  to  bring  tho  total  optica  train  cost  to  $300.  Thus,  tho  ataes- 
phorlc  rocolvor  total  coat  for  oloctronlcs,  optics,  and  padcaglng  la 
axpootod  to  bo  $1100. 

la  closing  this  saetlon.  It  diould  bo  noted  that  soao  of  die  coa- 
ponoats  ttsad  la  asking  tho  parts  cost  analysis  havo  not  boon  eoaplotaly 
doolffiod  Into  the  roealTor.  Nouoror,  tho  coapoaonts  all  appear  to  bo 
suitable  for  tholr  Intandod  applleatlana,  and  tho  author  bollovos  that 
fov  If  any  aajor  ehaagoa  will  bo  nocooaary  to  eoaploto  a fomal  design. 


SI 


IV.  Tran— itfr  P— In 


« • 

ni«  dMign  of  cho  oloecro-optle  ••etlon  of  tho  cranaalttor  is 
strongly  laflusneod  by  tho  typo  of  chsnnsi  to  bo  usod,  whllo  tho  oloe- 
tronle  nodulstlng  and  control  circuits  for  tho  ll^t  onlttor  In  tho 
tronssilttor  oro  tho  sono  for  both  systsas.  Thoroforo»  tho  doslgn  of 
tho  oloctro-optlc  portion  of  tho  atnosiH>orle  and  flbor  transnlttors  Is 
troatod  soparatoly,  followod  by  a doscrlptlon  of  tho  oloctronlcs  soc- 
tlon.  Tho  ohaptor  also  Includos  a sanplo  safoty  calculation  for  tho 
ataosphorlc  transnlttor. 


t 


€ 


AagfFHWit  Ifansnlttor  Iloctro-Optlcs  Discussion 

JdDltt*  ‘Ria  Ions  systsn  for  tho  ataosphorlc  transnlttor  has  not 
boon  doslgnod  duo  to  tlao  constraints*  but  soao  nnaasiii  ■ about  tho  Ions 

systoa  can  bo  aado. 

Bocauso  of  tho  highly  olllptlcol  spot  pattom  of  CM  lasor  dlodos  as 
shown  In  Fig.  22*  tho  Ions  systoa  oapl03rod  nust  havo  dlfforont  focusing 
actions  in  tho  x and  y oxos.  This  asynaotrlcal  focusing  nay  bo  accoa- 
pllshod  by  using  cylindrical  lonsas  oa  shown  In  Fig.  23.  Tho  Ions 
systoa  aust  chango  tho  vory  saall*  rootongular-shapod  boon  wolat  found 
Inaldo  tho  lasor  dlodo  Into  a largor*  syanotrlcally  shapod  waist  at  seas 
point  boysnd  tho  Iona  aystoa  (Fig.  24).  Olworganco  froa  this  syanotrl* 
cal  waist  should  thoa  provldo  tho  dosirod  spot  siso  and  circular  shape 
at  tho  roeolvar.  Oarolopaont  of  tho  actual  Ions  package  will  Invelvo 
tho  woo  of  Oauaalaa  boas  propagation  theory. 

tinco  tho  onset  loaa  ayaton  has  not  boon  dovolopod*  sono  aosunp- 
tlons  nuat  bo  node  to  prooldo  a gualltatlvo  Idea  of  tho  tmnsalttor's 
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operation.  For  purposat  of  this  papor  it  will  bo  asauBod  that  tha 
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final  lana  syataa  forms  tha  aKtamal  boas  waist  within  a faw  aatara  of 
tha  lana  aystaa.  As  a raault,  tha  waist  can  ba  considarad  to  ba  assan- 
tially  at  tha  transaittar  whan  ealeulations  involwins  baan  divarganca 
frcn  tha  transaittar  to  tha  raeaiwar  ara  aada.  If  this  assumption 
latar  proras  iaralid,  tha  ealy  aajor  affaet  should  ba  on  tha  calcula- 
tion of  tha  ainiaua  safa  diraot  viawing  distanca  for  tha  transaittar 


taouirad  Transaittar  Output  Powar.  As  asntionad  in  Chaptar  two, 
tha  siffial  powar  eollaetad  by  tha  racaivor  input  Ians  is  affactad  by 
ataospharic  attanuation  and  by  tha  loasas  ineurrad  froa  diwarging  tha 
basa.  lha  raadar  will  raeall  a divarglng  baaa  is  naeassary  to  pravant 
spot  dancing  and  basa  banding  fraa  causing  an  outaga.  Mow,  tha 
intansity  pattam  of  tha  Gaussian  baan  at  tha  raeaiwar  plana  is  shown 
in  Pig.  29.  Haro,  tha  Intansity  of  tha  baaa  in  watts/a^  has  fallan  to 
half  its  asKlauB  walua  at  X ■ a.  Fraa  work  in  Chaptar  two,  tha  dasirad 
baaa  dlwargaaea  angla  a is  ana  allllradian.  As  a rasult,  a has  a 
aagnituda  of  1.372  a as  shown  In  Fig.  29.  Mow,  I|,  ■ ‘bnoc  * 0 
and  I|,  • lijaas^  at  x • a.  Sines  tha  baaa  shapa  is  circularly  sya- 
aatrieal  at  tha  raeaiwar  plana,  tha  walua  of  1|,  at  a radial  distMca  r 
froa  tha  x-y  sxls  is 


*L  • > 


(68) 


Neat,  tha  tatal  aaeunt  of  powar  at  tha  raeaiwar  plana  that  falls 
tha  circular  area  with  radius  % is  giwan  by 
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- n ^ 2.716  l,,^  (1  - • ) 


(69) 


For  9 ■ thiu  yields 

Fn  ■ 2.389  watts  (70) 

If  9 ■•  **•  than  F^  ■ total  power  falllnt  on  the  roeoiwor  plane.  So 


F^  - 3.177  It..p.  watte  (71) 

To  detenlae  asswnptlen  will  be  wade  that  the  reeelwing 

lens  input  aperture  is  aaall  eneui^  that  the  intensity  aerees  the  lens 
0 ean  be  treated  as  a eenstant.  Proa  weilc  in  the  last  section  of  Chapter 

three*  it  is  kaewa  that  the  detector  diode  nust  reeelwe  an  optical 
si0ial  of  3.90  X 10*^  watts.  Glwen  the  tranaalssiwity  of  Oie  lens  sys- 
ten  (>9  13)*  this  weans  tiie  power  falling  on  the  input  reeelwer  lens 
aust  be  about  1.03  x 10*^  watts.  Since  the  receiwer  lens  aperture  is 
3.07  X 10*2  h2  Pig.  12),  this  weans  that  the  Intensity  at  x > a 
in  Pig.  23  aust  be  2.03  x liT^  watts/a^.  since  this  walue  is  s9uol  to 

llan/2 

I. - 4.07  X lOT*  watts/a?  (72) 

Now  that  l]0gn  is  haeea*  it  is  passible  to  detemine  the  raguired 
tranaaltter  peuor.  89  (71)  iadieatao  that  the  total  pewar  resAlag  the 
raoelwar  plane  aust  be 

S 'rp  * ^*22  X (73) 
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l•e•llta«  tk«  el«ar  air  enaaalaalrltr  glvan  la  XaMa  II  la  0.86,  eha 
ragatr«4  paaar  fr«a  tha  traaaalttar  la  alaar  aaathar  la 

- 2.4S  a lOrS  watts  (74) 

A tafealatlaa  af  aaloaa  af  varsas  athar  aravalllag  visibility  ayyaars 
la  Tabla  VI. 


Tabla  VI 

tatalra4  Traasalttar  Output  Fauar  far 
Varlaus  Vraralllag  VIsIbllltlaa 


Visibility  In  gtatata  Milas 

lagulrad  Fauar  Ustts 

U.3 

2.45  X 10“5 

5 

3.01  X 10-9 

4 

3.30  X 10-9 

3 

3.77  X 10-9 

2 

4.06  X 10*9 

1 

1.23  X 10-* 

0.75 

5.86  X 10-8 

0.5 

3.52  X 10r3 

0.25 

4.69  X lO-l 

mini  Jim  JUm  SUBlfc  Cmc*  ^ datatalaatlaa  af  tha 
ragulrad  pauar  fraa  tha  lasar  tflaOa  eaaaat  ba  aada  uatll  tha  Isas 
packaga  la  gatatalaai.  Msuavar,  aaaa  prallaiaacy  uark  ladlaataa  that 
asaatcaselaa  af  a sultabta  Isas  aystsa  aay  ba  pasalbla  alth  thraa  ala- 
asats,  as  shasa  la  Fig.  23.  If  it  Is  paaalbla  ta  aaaaaaiaally  pracura 
IvMM  vich  laaga  saauii  Olaastars,  tha  aala  pauar  lass  Is  galag  ta  ba  p 

*M  ta  Fpsaasl  raflaatlsaa.  If  tha  asauaptlsa  Is  aada  that  tha  laasaa 

t \ 
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h«v«  a traoMlMlvlty  of  90S,  tkoa  tho  powor  loo*  In  eho  l«no  ojFOtaB 
will  only  bo  about  1.4  41*  4awifni  tho  uao  of  a 10  aw  eontimioua  powor 


% 

I 


% iMor  dlodo,  ovon  If  tho  tnnaalttor  Iona  ayatoa  only  couplos  lOX  of  tho 

¥ 

I dledo'a  outyut  Into  tho  doalrod  boas  eono,  Tablo  VI  Indleotoa  that  tho 

link  aheuld  atlll  fimetlon  in  provalllng  Tialbllltloo  doon  to  looa  than 
' ono  statuto  alio. 

Safotv  SSMittDULlBA*  *•  Mntlonod  In  Chaytor  two,  high  Intanslty 
light  boaaa  at  860  na  wavolaagth  pooo  a dangor  to  tho  hnaan  oyo.  Ihoro* 
foro,  a sot  of  standards  has  boon  dowoloyod  by  soworal  agsaelos  for 
pozalaalblo  powor  dsnsitlos  of  lasor  light  uhl^  aay  bo  wlowod  by 
mprotootod  porssnnol.  For  laaors  usod  by  tho  Air  Foreo,  tho  gowomlng 


Now,  cho  accual  eolouloelen  of  cho  NPI  <— iffim  poniloolblo  ax* 


posura  loval)  la  a two-atap  preoaaa.  Plrat,  a ealeulatlon  la  aada  to 


dataniiiia  tha 


laaar  anargy  that  can  ba  aafaly  vlawad  owar  tha 


antlra  atght  hour  parlod.  N«t,  a calculation  la  aada  to  datamlna  tha 
■axlauB  paak  powar  danaity  that  nay  ba  aafaly  vlawad  during  ona  pulaa. 
lha  controlling  axpoaura  la  than  takan  to  ba  tha  nora  raatrlotlva  valua 
raaultlng  fron  tha  two  oalculatlcna. 


To  dataialna  tha  naxlaiai  avaraga  powar  danaity  that  tha  aya  can 
aafaly  vlaw  during  tha  antlra  alght  hour  parlod,  Tabla  4-1  In  AFV  161-xx 


la  uaod.  Fron  thla  tabla,  tha  aaxlnua  anargy  danaity  for  an  alght  hour 
l«ig  pulaa  train  of  860  na  light  pulaoa  la  3.2  x 10*^  (t)  axp(860  • 
700/224)  Jouloa/oa^,  whara  t la  tdia  pulaa  train  langth  In  aaconda.  So, 
for  2.88  X aaeand  aKpoaura,  MPSgf  • 18.8  joulaa/cn^  • pulaa  train, 
Ohara  • naxlnw  patnlaalbla  axpoaura  In  anargy  unlta  for  tha 


total  anargy  of  tha  pulaa  train. 

Naxt,  thla  MPEg^  valua  la  divldod  by  tha  total  nwnbar  of  pulaoa  In 
tha  alght  hour  period  to  gat  tha  aaxlana  patnlaalbla  anargy  par  pulaa, 
MW„-4  .33  X lOT^®  Joulaa/cH^  - pulaa.  Thla  nay  bo  divldod  by  tha 
on  tiao  of  tho  pulaa  davolepod  In  Chaptar  throw  to  got  tha  naxlmni  por^ 
nlaalblo  powar  danaity  that  ean  ba  aafaly  vlawad  during  a pulaa.  Tha 
moult  la  iftff  - 1.55  x 10"*  ontta/on?  • 13,3  oatta/n^,  wham  HPEpp  • 


loalblo 


danaity  par  pulaa. 


For  tha  paak  pauar  par  pulaa  ealeulatlon,  tibia  4-1  In  4PK  161« 
pravtdaa  a valua  af  HR^  at  (0.06)3.0  x 10*^  axp(860  - 700/224)  ar 
O.U  X I<r*  jaulaa/oa?  • pulaa.  Dividing  thla  by  tha  on  tlno  of  tha 
pulaa  glvaa  a value  af  2,2  X 10*^  wntta/an^.  Conparlng  tha 


f 
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TAlttM  for  MPBpp  Co  MPB^p*  It  la  obfvlotts  that  NPBpp  doaerlboa  tho  aoro 
aovoro  llaltatlon.  Ihua,  during  tho  on  tlao  of  oaeh  pulao»  hunan  ojroa 
mat  not  vlow  tho  boon  In  a roglon  uhoro  tho  boas  Intanalty  aneoada 
IS.S  uatta/a^. 

To  eoaploto  ealeulatlon  of  tho  eloaoat  aafo  viowlng  dlataneo,  it 
la  naeoaaary  to  find  tho  dlataneo  froa  tho  tranaalttor  irhoro  tho  boaa 
Intanalty  oquala  tho  MPIpp.  To  aako  tiila  ealeulatlon*  roforoneo  to 
Fig.  26  ahowa  that  AFt  161-n  uaoa  a different  definition  of  th»  direr- 
gonoo  angle  froa  tho  ona  proaontod  oarlior  In  thla  <duiptor.  Alao*  die 
regulation  poralta  tho  aaauoptlon  that  tho  boaa  Intanalty  la  eonatant 
aeroaa  tho  apot  aubtondod  by  tho  dlvorgoneo  angle  and  aero  beyond  that 
point.  Froa  Iq  (68)*  It  any  bo  ahoon  that  tho  point  at  tho 

roeolror  piano  la  at  X ■ 1.648  a and  that  a*  la  thorofero  approalaatoly 
aretan  (1.648/1370)  ■ 1.2  arad.  Moat*  roealllng  tho  output  pouor  of 
tho  laaor  diode  la  about  10  aa  and  that  thla  poaor  la  aaamod  oronly 
dlatributad  aeroaa  tho  apot  aubtondod  by  a**  tho  ainiaun  aafo  viewing 
dlataneo  ean  bo  ealeulatod  aa  11.9  a froa  tho  oatomal  bean  walat. 

Ihua*  alaeo  both  tranaalttora  will  bo  leeatod  at  or  near  tho  top  of 
mltl-atory  bulldlnga*  It  la  unlikely  that  any  poraennol  ean  enter  tho 
ll^t  boaa  la  a roglon  of  dangoroua  Intonalty  lovola. 


Fiber  TWnanlttor  Klaetro-Oatlea  Dlaoaaalan 

The  LE9  aoloetod  for  uao  In  tho  fiber 
ayataa  tranaalttor  la  tho  Floaay  Ht  994  diode.  Thla  diode  la  optlalaod 
for  Coialng*a  alaglo  fiber  eabloa*  and  la  tho  only  eomarcilally  avail- 
able diede  kaem  te  the  author  ahloh  appaara  powerful  enough  to  drive 
the  fiber  link.  Froa  tho  aanufaeturer'a  ^eelfleatlon  ahoot*  tho  Rt  954 
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has  a brlghtnass  B of  3S  watts/<ai^  - ataradlan)  and  an  anlttlng  surfaea 
with  a radius  of  b ■ 0.(XSS  on. 

lha  flbar  salaetad  for  tha  systsa  Is  a Coming  1138  flbar.  It  has 
a loss  of  6 dB/Ka,  a bandwidth  of  200  MHs  In  a ona  klloaatar  langth, 
and  eora  radius  of  a • 0,003123  ea.  This  flbar  has  a naxlaua  rafractlva 
IndSK  dlffaranea  A - 0.006.  In  addition,  tha  flbar  Is  awallabla  In  two- 
flbar  (l.a.,  two  dtannal)  cablas  sultabla  for  talaphona  conduit  Instal- 
lation. Also,  tho  200  Mis  bandwidth  of  tho  fibor  ■sans  tha  flbars  hava 
a rlsa  tlaa  of  only  about  ICT*  soe  In  2 las  longths,  which  provides  a 
good  nateh  to  tha  rlsa  tlna  of  tha  optical  anlttor.  As  a result,  tha 
flbar  will  causa  llttla  additional  distortion  In  tho  1.3  Ms  Itechostor 
signals. 

Pooor  Calculations.  With  tho  soloetlon  of  tha  UO  and  flbar  con- 
platad.  It  bacosMs  posslbla  to  ealoulata  tha  asraunt  of  powor  tha  flbar 
syston  can  dallvar  to  tho  roealvar*s  dotoctor  dlodo.  For  tho  dlodo  and 
flbar  soloetod.  Fig.  9 Indleatos  that  tha  HK-934  will  Insert  a norMl- 
iBod  powor  Into  tho  fibor  of  - 0.86.  Than,  Bq  (11)  givos  tho  actual 
powor  Into  tho  fibor  as 

Ff  • 0.8611^(33) (3. 123  x l<r3)*(0.006)  . 2.32  x lO’^  watts  (73) 

Mont,  tho  tranaalsslon  load  of  tho  enblo  for  tho  2 kn  path  length  is 
12  Ml.  An  additional  looo  of  3 dB  will  bo  allowod  for  two  Coming- 
swppltod  couplings  for  onoh  fibor,  sinM  tho  fibor  oablos  aro  ando  In 
ono  kllanotor  longths.  Finally,  rooolliag  oonnsnts  fron  Chaptor  two  on 
eowpllag  looaoo  botwwon  flbars  and  photodiodo  dotoctors,  on  output  loos 
of  0.17  dB  is  added.  So,  tho  total  shaawsl  looa  ia  13.17  dB.  Iho 


I 


r 


i 


rcsuletnc  optical  power  at  tlio  photodiodo  Is 

Po  - 7.09  X 10*^  watts  (76) 

Iho  ■Inlaoi  power  lovol  et  the  dlodo  to  glwo  o Ut  of  10*9 
fmmd  In  Chsptor  throe  (Iq  (67)).  This  lowol  Is  3.9  x 1(T^  watts. 
Ihoroforo,  the  fiber  ehaanol  with  the  HI  994  dlodo  will  provide  on  actra 
12.9  dl  of  signal  above  the  alnlwaa  roqulrod  level, 

Trsasalttor  Iloetronlcs 

This  section  discusses  the  various  functions  parforaod  by  the 
olootronlcs  section  of  the  transalttor.  Ihosa  functions  basically  In- 
clude providing  drive  to  the  optical  oaltter  along  with  perfonilng  the 
Nanohoater  encoding  of  data  signals.  Additionally*  the  transalttor 
circuitry  Includes  functions  to  control  Initial  synehronlsatlon  of  the 
rocolvor  clock  to  the  aastor  clock  In  the  trananlttor*  Tine  has  net 
pamlttod  dotallod  design  of  the  trananlttor  circuitry*  but  the  func- 
tional blocks  to  bo  doserlbod  are  all  fairly  slaplo*  and  there  should 
bo  little  problan  laplonontlng  neat  of  the  circuit  with  Inoxponslvo  TTL 
or  possibly  MOS  integrated  clrcaita.  Iho  only  exception  to  this  Is  the 
■odulacor  oirealt  for  the  light  onlttor*  and  it  Is  doocrlbod  In  greater 
detail. 

A brief  overvlov  of  the  opemtion  of  the  transalttor  should  prove 
helpful  to  wnderstandtag  the  operation  of  the  functional  blocks.  A 
black  diagran  of  the  trananlttor  eleetronica  appears  in  Pig*  27. 
teferriag  to  this  figure*  whan  the  data  channel  la  to  he  opened*  the 
eenpnter  will  raise  the  reqasat-te-aand  line.  Ihla  roaalta  la  the 
trananlttor  sending  a special  aynchrcnlslng  alpMl  far  a tine  autflelent 
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Data 


to  oynchroBlso  tho  roeoloor  eloek.  At  tho  ond  of  tho  otort-op  porlod, 
tho  tronMittor  rolaoo  tho  roody*for>data  lino  to  notify  tho  eonputor 
that  data  ean  bo  tranaalttod.  At  any  tlao,  tho  eonputor  can  ahut  off 
tho  optical  output  of  tho  trananlttor  by  louorlng  tho  roquoat-to-aand 
lino.  Ihia  foaturo  ponilta  tho  eonputor  to  Initlato  roaynehronlsatlon 
of  tho  link,  and  It  alao  pocnlta  aafoty  funetlona  to  bo  prniraiail  lnt< 
tho  eonputor  for  link  ahutdoan.  A noro  dotal  lad  doocrlptlon  of  tho 
trananlttor  f el Iowa* 


iiUlIt  dalttora.  The  light  anittora  to  bo  uaod  In  tho  trananlttor 
are  different  for  tho  fiber  link  and  atnoaphorle  link.  Houovor,  tho 
oloetrleal  oharaetorlatlea  of  tho  tuo  dorlcoa  are  aurprlalngly  alnllar. 
For  tho  atnoaphorle  link,  a aolld»atato  CM  laaor  dledo  la  noodod  to 


gonorato  a eohorent  light  aoureo.  The  diode  tontatlroly  aoloetod  for 
tho  unit  la  a Laaor*01odo*Laberaterloa  LCH-10,  although  alnllar  unite 
fren  ICA  nay  alao  bo  uaablo.  The  diode  aoloetod  for  tho  fiber  link  la 
a Plooay  Ht*9S4  UO. 


ital  quantltloa 


ifaeturar*a  publlahod  Infematl 


latter  with  Infematl 


ita  on  tho  LCW*10  proaantod 


1 


t 


mvwM—  only  nbent  1.8  vnlta,  «o  powar  supply  raquiroaonto  nr*  nodoot. 
Swonaon  alaa  raporta  that  tha  dlada  haa  kaan  pulaad  at  lavala  abara 
10  wm  optleal  output*  but  ttiat  tha  dioda  antaatan  pattatn  ohaagaa  fraai 
a alatla  apot  to  a daubla  apot  pattan  uhan  laaala  an  tha  ordar  of 
100  no  optleal  pouar  ara  obtained.  Alaa*  a tolaphana  eanvarsation  with 
tha  nanufaeturar  Indleatoa  that  diada  llfatlaas  will  be  savarbly  shortanod 
uhan  pulao  laaala  aneaad  tha  publlahad  ratlnga.  Slnea  llfatlna  of  tha 
diode  la  Inpartant*  It  saaaa  advlaabla  to  Halt  tha  diode  drlra  ao  that 
tha  peak  optleal  pulse  outputs  ara  on  tha  ardor  of  tha  rated  waluo  of 
10  aw. 

lha  Plasay  HI  934  diode  la  phyaleally  and  optlaally  eaapatlbla  with 
Camlnc  Olass  Coapany*s  law>loas  slngla«flbar  optleal  eablas.  The  alee* 
triaal  aharaatarlstles  ara  surprisingly  alallar  to  tha  LCW>10  laser 
diode's,  lha  M 934  ragulros  a 300  as  drlwa  to  daralap  Its  rated  out* 
put*  aad  tha  waltaga  drop  at  rated  output  la  1.6  volts. 

imiQlim.  Bath  tha  MI  934  and  LCV-10  aalttars  ara  bast  driven 
fraa  a aanataat  aurrant  sauraa.  Duo  to  tha  alallar  drive  ^araetarlatlas* 
tha  author  ballavao  that  an  sapor laaatal  elroult  davalopad  by  Swanson 
using  a Sllleonlx  VMI>1  pawar  HOSPR  transistor  should  be  suitable  far 
aithar  light  aalttar.  A sehaaatle  dlagran  of  tha  eireuit  with  latar- 
faelng  to  1TL  drive  lavals  la  shaaa  la  Fig.  28.  ihls  elroult  takas 
advantage  of  tha  aurrant  aaurea  aharaatariatle  the  VMF*1  oahlblts  uhan 
Its  drBln*ta»sauraa  voltage  aaaaada  10  volts  and  Its  gata^to-sauraa 
valtaga  la  hold  aanstant.  Far  tha  VIV*I  tha  ragulrod  gata*ta^eurea 
valtaga  far  a 300  na  drain  aurrant  la  about  3.3  volts*  uhlla  a 300  ns 
aurrant  raaults  with  a gate  valtaga  of  about  4.3  valta. 
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la  Swanson's  protocyps,  t|  - 390  olias,  Ej  w 3 ohas  and  • 
volts.  Also»  tho  TTL  fsta  was  froa  s 7406  epan  eollsetor  Invartar. 


In  tho  trananlttsr  doss  not  nsod  to  bo  nors  than  S volts 


and  tho  HOSFIT  has  a sats-sowres  eapaeltanos  of  40  pf , it  appsars  that 
a faatsr  gats  voltags  rlss  tins  Is  pssslbls  If  K|  Is  rsduesd  to  130  ohns 
and  a gats  fraa  a 7433  Intagratsd  elreult  Is  substltutsd  for  tho  7406. 


Using  a 7433  1C  doss  Halt  tha  nsxlaun  valus  of  V..  to  S.3  volts,  but 


this  Is  unlnportant  for  tha  Intandad  application  baeausa  tha  high  drlva 


To  elosa  this  saetlon.  a faw  ci 


elreult  ara  warrantad.  Tha  VMP-1  has  a rlsa  tlaa  of  3 n aae.  Tha 


LCV»10  has  a rlsa  tlaa  of  0.1  n sae  and  tha  Ht>934  rlsa  tlaa  Is  3 n see 


ardar  of  3 n sac.  This  value  Is  only  about  1.3  parosnt  of  tho  on  tins 
of  tha  Nonehastor  eodad  1.3  NBlt  signal  (3.33  x 10”^  sae).  As  a result 
tha  output  pulse  frsa  tha  light  snlttars  Is  a good  approxlaatlon  of  the 


Ideal  aguara  wave  shapaa  assunod  Uiroughout  earlier  portions  of  this 


Tha  Nnnehastar  sneodar  elreult  will  taka  a 


This  elreult 


fitter  eloek 


putar  data  line  whan  tha  start*up  aaguonea  Is  eoaplata, 


far  eartaln  e«idltions»  a phase* laeltad  leap  will  synehronisa  to  a 


anMmly  appllMI  slgMl  within  « known  tiM  porlod  (Rof  2ltS88-S89). 

Tho  ro^nlrod  e«adltl«na  Inolwdo  tho  prOMr  ooloetlon  of  flltor  conatanto 
for  tho  phaao-lookod  loop'a  low-paaa  flltor  and  anfflolont  atablllty  In 
tha  tranaalttor  clock  and  rocolvor  VCO  to  anaura  that  tho  VCO  froquoney 
with  no  input  algnal  la  fairly  oloaa  to  tha  tranaalttor  froquMiey. 
Ihoroforo,  aaaualng  a atabla  act  of  oaclllatora.  It  la  pooalbla  to  con- 
trol tha  aynchranlsatlan  of  tho  loop  aoroly  by  oontrollli^  tho  atart-up 
aoquanco  with  a tlaor  at  tho  tranaalttor.  Iho  doplaa  fora  of  tho  data 
link  allowa  olthor  caaputor  to  toot  for  auceoaaful  cloaod-loop  ayn^ran* 
Isatlan  and  to  roquoat  anothor  apnohranlaatlan  oyclo  If  nocoaaary. 

atnrr«Mi.  Word  Ganorator.  During  tha  atart-up  aoquoneo.  It  la 
laportant  to  tranaalt  a data  atroaa  to  tho  rocolwor  which  dooa  not  aako 
tranaltlona  froa  ano  atato  to  tho  other  at  tho  boglanlng  of  tho  bit 
porloda.  To  imdorataad  tho  roaaan  for  thla,  canaldor  tho  two  aaaplo 
Nanchoator  aignala  In  Fig.  29.  la  Pig.  29b,  a aorloa  of  anoodad  1 blta 
la  proaantod.  If  thla  data  atroaa  la  fod  to  tho  wnayn^ranlsod  phaao- 
loekod  loop.  It  la  poaalblo  for  tiio  loop  to  aynchranlao  on  tho  tranal* 
tlana  at  tho  boglanlng  of  tho  bit  porlod  rathor  than  at  tho  aldpolnt  of 
tho  bit  porlod.  Iho  roault  la  a quaal-atablo  aynchrcnlaatlon  which  will 
cauao  groaa  orrora  la  data  dooodlng. 

Maw,  canaldor  tho  phaao-lookod  loop*a  roaetlon  to  an  Input  auch 
aa  ahom  In  Pig.  29a.  Iho  only  way  tho  loop  ean  ayaohronlao  with  thla 
data  atroaa  la  with  tho  tronoltlano  that  oeeur  at  tho  aldpolnt  of  oach 
bit  porlod.  Aa  a moult,  laprapar  aynahranlaatlon  la  not  poaalblo. 
Aaawnlng  tho  doolgn  aanatralata  amtSoaod  la  tho  aabaoatlon  on  tho 
atart-up  tlaor  am  aot,  tho  ahaaao  of  tho  loop  not  being  ajnahronlaod 
at  tho  and  of  tha  atart-up  tialag  Intarval  la  mry  aaall. 


too 
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ttUMBtetT  and  Coaf 

Aa  «na  dana  la  tha  laat  ehi^tar*  a faw  eannanta  abaot  tha  projaetad 
eaata  of  tha  two  trananlttora  «111  ba  aada.  Asaln,  thaaa  ara  aaly  rough 
oatlnatoa  boeaaao  elreult  dotaila  for  nodi  of  tha  trananlttor  havo  not 

hoan  eanplotod. 

Iho  oloetranlea  aoetlan  will  bo  troatod  flrat*  alaoo  It  la  oaanon 
to  both  typoa  of  tranaailttora.  To  boglat  tho  trananlttor  aloek  will  bo 
built  around  an  IM  373  ooellintor  1C  with  approprlato  7400  aorloa 
dlvldom.  Tho  ooot  la  ipaetod  to  bo  about  $20. 


I 


101 


Tlatnc  «MI  e«aerol  ftaetlau  will  laelwdw  « SS5  tlawr  1C  and  tha 
nacaaaary  locle  to  haadlo  tho  alaplo  awltatilng  fwnetlona  noodod  la  tho 
tranoBletor.  Coot  of  this  olrewlt  will  probably  bo  $20. 

Iho  aodaUtor  elrewlt  la  «eaytlanally  low  eooti  tho  VNT-1  M08PCT 
unit  ooat  la  loaa  ttian  $8,  and  othor  eonponanta  In  tho  nodulator  will 
Mly  rniao  thla  to  about  $15  total  eoat.  Pouor  aupplloo  and  paokaslnc 
ahauld  add  anothor  $200, 

For  a eanploto  flbor  ayoton,  tho  Plosay  88  954  dlodo  auat  bo  In* 
eludod  in  tho  trananlttor  east.  Tho  HI  954  easts  $500.  Slneo  tho  flbor 
will  bo  apsKlad  dlroetly  to  tho  UO,  no  antra  hardwaro  easts  are  an* 
poatod.  4s  a moult,  the  flbor  trananlttor  should  east  $555  all 
togothor. 

Iho  two  flbor  eablo  noodod  by  tho  syatan  prooantly  oasts  about 
$9.20/n.  thus,  the  east  for  tho  2 Ka  noodod  Is  going  to  bo  $19,200. 

In  addition,  tho  flbor*to*flbor  eouplom  eoat  $78  ooeh,  adding  $312  to 
the  total  east,  loealllng  tho  eoota  of  a flbor  roeoiwor  nantlonod  In 
Chapter  throe,  tho  total  parts  east  for  tho  duplan  flbor  data  link  Is 
anpoetod  to  bo  about  $21,830. 

For  tho  atnasphorle  link  tho  Ians  east  and  tho  LCtf*10  laser  dlodo 
oeots  nnst  bo  added  to  tho  east  of  the  oleetrsnlea  paahago.  Fran  sans 
pmllnlaaxy  designing.  It  seans  possible  that  a suitable  Ians  and  foeus 
nomt  paahago  will  ooat  around  $400.  iho  LC«*10  dlodo  easts  $230  in 
guantltlao  of  two  sr  nsrs,  and  tho  thomssloetrlo  eoolor  and  thstnostat 
for  tho  laser  dloda  Aould  add  an  additianal  $30.  Ihemfom,  the  parts 
east  of  an  atnssphsrla  trananlttor  will  be  roughly  $935.  This  naans  a 
duplan  atnospharle  data  liafe  will  east  about  $4070. 
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1h«  aost  laportanC  raaalt  of  this  study  Is  tho  Indication  that  It 
should  bo  poaslblo  to  build  olthor  an  ataosphsrlc  or  flbor  optic  l.S 


Mb/s,  l*to>2  KM  long  data  link  using  prosantly  aval labia  ccaaorclal  e< 


can  probably  bo  csnstruetad  with  fairly  InsKponslyo  ooapcnsnts,  Tho 


Ing  tho  coot  of  flbar  eoblo,  will  bo  about  $4100  for  tha  ataoaphorlc 
aystoa  and  about  $2300  for  tho  flbar  systoa.  Tho  cost  of  flbor  oablo 
and  couplings  brings  tho  total  cost  of  a duplon  flbor  link  to  about 


data  link.  In  chaptor  two,  a slaplo  nodal  was  dovolopod  using  Boor's 
law  and  Kosohaoldor's  law  to  rolato  prowaillng  visibility  asasuroasnts 


ilttor  output 


lablo  VI  iadleato  that  a 10  aw  CV  lasor  Mods  with  an  off  letont  Iona 


vailing  vtalbliity  oondieli 


aoeordlng  to  voathor  atatlatles  for  Hrigbc*Fateoroan  4FB,  a link 


F 


lMt«ll«4  hf  ahould  tmttmr  vMthar  outag**  only  about  1 to  2 paremt 
of  tho  eiM  an  a jroarly  baata.  tvan  during  tha  poor  ntd-nomlng 
ooathor  eandltlana  In  January,  Appandlx  A Indtoatoa  that  vlalbllltiaa 
low  anough  to  oauao  autagoa  oeeur  during  loaa  than  4 poreant  of  tha 
nld-noxning  houra.  Ihoroforo,  In  applleationt  uhara  a anall  anount  of 
doan  tlna  oan  bo  tolomtod,  and  uhoro  tho  phyaloal  loeatlena  Involvod 
allov  llao*ef-alght  txananiaalon,  tho  atneaphorie  aystan  offors  a Tory 
loo-eoot  aoana  to  Inptanant  htgh-apood  data  Itnfca. 

Hm  flbor*optle  link  alao  offora  aneollant  potontlal.  Plbor  optic 
linka  do  not  roquira  lino-of»aight  patha  batwoan  tha  tuo  eonputing 
ayataan,  ao  fibor  optie  linka  oan  bo  uaod  in  a nunbor  of  applleations 
which  do  net  pomit  uoo  of  an  atnoophorie  link.  Additionally,  fibor 
linka  aro  Inporrioua  to  voathor  changoa,  and  tho  only  aliaiifle«it 
rooaon  for  outagoa  ia  aquipnant  fallura.  Ihanka  to  tha  anall  aiaa, 
light  Might,  and  atrangth  qualitioo  of  fibor  eabloa,  it  ia  poaslblo  to 
inatall  fibor  linka  uaing  nciating  eanaunieatiana  conduit  ayataaw. 
Additionally,  ainoo  fibor  eabloa  aro  ooaontlally  ianiaio  fron  oloctro* 
nagnotie  intorforanco  of  raaaanablo  lorala,  it  ia  probably  poaalbla  to 
Inatall  f Ibora  in  pouor  candulta  and  othar  aroaa  uhara  traditional  wiro 
linka  eannot  bo  inatallod.  Mhilo  tho  coat  of  fibor  eabloa  ia  proaantly 
rather  high  (about  |9.20/n  for  duplan  eabloa),  tho  projoetod  coot  in 
tho  nant  two  to  throe  yoara  ahould  nako  fibor  ayatana  Tory  conpotitlTo 
with  wire  ayatana. 

A tabular  aianary  of  aana  najor  oharaetoriatiea  of  tho  fiborMptic 
and  a^aapharie  data  llaka  follOM. 
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Tkbl*  VII 

CharaetMlstles  of  tho  Ataoaphorle  Link 


Pi 


! 


I 

I 

[ 


Onto  Mto 

1.5  Mb/s 

Error  roto 

1 in  10*^  bits 

Path  l«sth 

1372  ■ 

Coot  for  dupl«c  oystoB 

$4070 

Optical  fraquaney 

860  m 

Peak  pulaa  output  power 

w 10  aw 

Baai  dlwargonea  half  aagla 

1 ■ rad 

Pulaa  rlaa  tlaa 

< 5 n see 

Traaaalttar  laaar 

Laser  Diode  labs 
LCU-IO  GaAs  CV 
laser  diode 

lacalvar 

Optical  Input  fraquaney 

860  4 5 na 

Input  Iona  field  of  view  half  angle 

0.68  a rad 

kaqulrad  Intaialty  at  receiver  lana 

2.04  X 10*^  watts/a^ 

lace Ivor  lana  input  aperture 

3.06  X 10-2  *2 

lequlrad  power  at  detector  diode 

3.90  X 10*^  watts 

lacoiwor  Diode 

BOM  SHS-100  PIN  Diode 

1 


! 


i 


labU  VllI 

Chancc^rlatlea  of  Flbor-Opete  Link 


I 


Onto  rnto 

Krror  rnto 
Pnth  lonfth 

Cost  for  duploK  oyotoa 

Contor  optlonl  fro^nmey 
Ponk  pooor  eooplon  into  flbor 
Pnlso  rlsn  tiao 

TMMBiteor  Light  Ihlttor 

Cnhio 

flbor  typo 

■tirldth 
ACtoanstlon 
Conpllng  loos 
Csblo  oonfigsrseloB 

Isoslrsr 

Optlool  frsgswty 
Isgslrsd  spelssl  powsr 
Iseslvsr  Mods 


1.5  Mb/s 

1 In  lO’  bits 

2 Kn 
$21,830 

w 900  na 

2.32  X l<r^  sstts 
< 5 n soe 

flossy  n*954 
Light  Bilttlng  Olodo 


Coming  1158  aHltlaodo 
grstfod  Indm 

200  Mis  In  1 Ml  longth 

6 tfl/Kn 

1.5  dB/eospllng 

2 flbsrs  la  stmngthonod  esblo 

Soltsblo  for  tmnaslttsr 

3.90  X 10^  nstts 

BOhQ  SHg«100vlth 

tmso  iMtTCMnts  TtXL-152 

dapllflsr 


C 


1« 


t 


SfSSBBdlKlSBft 

UhiU  th«  rMulCs  of  ehU  invootltotlon  «ro  rmry  oneourogltit,  m 
maibor  of  stops  still  aost  bo  tsksn  boforo  vltfosprood  ttso  of  optlesl 
high  spood  on—iulcstlons  esa  bo  fully  sntforsod  for  uso  st  Wrl^t- 
Psttorson.  Slneo  sopsrato  eoursos  of  set Ion  sro  dosaod  sppreprlsto 
for  tho  two  typos  of  S3rstssM,  oaeh  Is  dlseussod  sopsrstoly. 

AttiOSDhorle  S^stsa.  Tho  first  stop  that  should  bo  tskon  Is  tho 
dovolopasnt  and  saporlasatal  vorlfleatlsn  of  a lens  doslgn  for  tho 
tronaalttor.  This  Invostlgatlon  aust  Ineludo  dotoralnlag  tho  aetual 
aaouat  of  foeuslag  that  can  bo  aoeoapllshod  with  InsKpsnslro  lansos 
and  tho  rosultlng  also  and  location  of  tho  boaa  waist  forasd  by  tho 
lens  paekago.  Vlth  this  Infocaatlen,  a proelso  safaty  ealeulatlon  can 
bo  porfomsd,  and  tho  porfotaaneo  of  tho  roeolwor  can  bo  rodoflnod.  If 
noeossary* 

Qneo  tho  traaaalttor  optlos  aro  solootod*  tho  laportant  Issuo  of 
tronaalttor  and  roeolwor  alalng  aust  bo  eensldorod.  Sines  tho  boaa 
dlworgsaeo  aaglo  of  tho  traaaalttor  and  tho  boaa  aeeoptaneo  aaglo  of 
tho  roeolvor  aro  both  only  about  1 arad,  this  task  any  bo  qulto  dlffl- 
ealt.  Tho  author  has  oonsldorod  tho  possibility  of  asking  tho  photo- 
dlodo/flltor  and  lasor  paeksgos  roaewablo  to  poralt  dlroet  sighting 
Arout^  tho  optlos  trains,  but  tins  has  not  poialttod  dowolopaant  of 
this  Idas.  Trial  and  orror  allgnaant  by  aonltorlag  tho  dotoetor 
dlodo's  output  signal  MQr  also  bo  pooslblo,  although  probably  todlous. 

In  addition  to  tho  optloal  Issuos,  tho  saaoshat  arbitrarily  dorlwod 
porfonsanoo  prodletlaa  of  tho  tlalag  elroult  should  bo  oonfliaod, 
proforably  with  an  oaporlaontal  elroult.  If  slgnlfloant  doporturo  fron 
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til*  prMlletlon*  1*  not*d»  aoM  r*d*fln«a*nt  of  th*  vala**  In  TUbl*  VI 


and  a r*rla*d  aatlaat*  of  tho  w*athor*a  offoeta  will 


Aft*r  aoluelona  for  tti*  opeieal  and  tlatns  laauoa  ar*  fowid,  a 


t*at  rang*  ahould  b*  er*atad»  prafarably  orar  th*  glannad  link  path 
fraa  lulldlag  620  to  Building  676  at  Wrlght*Patt*raan  AFB.  Thl*  rang* 


aultlag  InfanMtlam  will  Indleat*  if  a ahlft  In  tranaailttar  wawalangth 


Qae*  th*  daalrad  tranaailttar  eharaetarlatlea  ar*  fully  e«nflra*d 


b*  axarelaad  on  tii*  taat  rang*  to  anaur*  that  th*  daalgn  orltaria  ar* 
■at  prior  to  aaklng  a daeialon  to  Introdue*  th*  data  link*  Into  ganaral 


lilM£  ^ total  part*  eoat  of  th*  f Ibar  link  daalgn  la 

thia  papar  la  about  4QK  hlghar  than  th*  rough  goal  **t  at  th*  baginnliig 


•f  thIa  atudy.  Nowawar*  an  avalanah*  photadlad*  la  th*  racaiwar  nay 


th*  dotaetor**  bias  alraultry  nay  b*  affaat  by  th*  l*«*r  eaat  of  a 


■ay  aot  ba  aa  goad  aa  that  af  th*  LBO.  lha  tlalng  ti 


of  tho  flbor  link  nooM  narrantod,  althoufh  coat  radaetlena  of  aoro 
than  $2000  will  probably  bo  dopondant  upon  futura  radootlona  In  tha 
eoata  of  fibar  eablaa. 

In  addition  to  poaalbla  raflnaaonta  In  tha  daalgn  of  Oio  fibar 
link,  an  onaalnatlon  of  tha  problan  of  Inatalllng  fibar  eablaa  In  eon- 
dulta  la  naeaaaary.  Tha  anglnaarlng  and  aeononle  factora  Imrelvad  any 
both  ba  laportant  laauaa  In  tha  actual  liq>loBantatlan  of  a fibar  link. 

Ona  additional  eoaaant  about  tha  fibar  link  la  warrantad.  Tha 
author  haa  laamad  that  at  laaat  two  eoaaarelal  eoapaniaa  ara  of  faring 
davalopaantal  fibar  optic  data  trananlttara  and  racalvara.  At  laaat 
ona  of  thaao  unlta  nay  ba  capabla  of  operating  with  a 2 no  ayatan,  and 
tha  eoata  of  tha  flnlahad  unlta  eonpara  favorably  with  tha  coat  of  tha 
daalgna  daaorlbad  In  thla  paper.  Since  tho  najor  coat  of  tha  fiber 
link  la  eoneamod  mltti  tha  fiber  cable  Itaalf,  tha  aawunt  of  nonay 
aavod  by  eonatiuetlng  and  taatlng  yet  anottior  trananlttar  and  raoalvar 
■ay  net  ba  Juatlflad.  So,  an  evaluation  of  tha  actual  capabllltlaa  of 
thaaa  eo—arclal  unlta  aaaaa  warrantad. 

Ihe  daan  of  tha  ara  of  optical  cn—unlcatlona  haa  bean  contlnu* 
eualy  haraldad  alnea  tha  dlaeovary  of  tha  laaar  In  1960.  ttitll 
raeantly,  tha  pronlaaa  of  tha  laboratory  hanra  aoaoMd  to  ba  far  away 
froB  tho  raalltlaa  of  oonrelal  pmotleablllty.  However,  aa  thla 
report  ahowa,  eowacelal  opte»elaotronle  eoapenanta  ara  new  becaalng 
available  at  eoata  ahloh  aake  the  operational  laplaaMntatlon  of  optical 
data  llnfca  praetieal  and  coot  effeetlva. 
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MlitlSPll  Mtithtr  8HtLfyt9f  ISE 
WtotT.  Suiiui  sa  §MBM  Months 

Ihla  appendix  prasanta  additional  aiaanarlaa  of  tha  avaraga  parcant* 
aga  fraquancy  of  oeeurranea  of  varloua  proaalllng  vlalbllltlaa  at 
Wrlght-Pattaraon  APB.  Ufa  data  praaantad  haa  baan  darlvad  froa  tablaa 
of  waathar  atatlatlea  for  Wrlght-Pattaraon,  aalntalnad  by  tha  Oata 
Proeaaalng  Oivlalon*  USAP  CTAC,  Air  Waathar  Sarvlca  (MAC),  Fadaral 
Building,  Aahvllla,  North  Carolina. 

Iha  ITAC  data  tablaa  Hat  tha  pareantaga  fraquancy  of  oeeurranea 
of  waathar  eondltlona  aa  a Joint  function  of  both  tha  pravalllng  vlal- 
blllty  and  cloud  calling.  To  ollalnata  tha  dapandanea  of  tha  flguraa 
upon  calling  height,  tha  data  In  Table  IX  la  darlwad  fron  tha  row  of 
atatlatlea  In  tha  ITAC  eharta  which  relate  tha  percentage  of  tine  that 
tha  calling  waa  greater  than  or  equal  to  aero  feat  while  tha  vlalblllty 
waa  greater  than  or  equal  to  tha  valuaa  In  Table  IX.  Since  tha 
percentage  of  oeeurranea  of  eolllnga  greater  than  aero  la  lOOK,  tha 
Joint  function  Hated  In  tha  CTAC  eharta  bacoaMa  a function  of  tha 
ealllng  only.  Tha  RAC  tablaa  alao  prowlda  tabulatlona  In  tama  of  tha 
pareantaga  of  tlna  that  obaarwad  weather  eondltlona  ware  batter  than 
tha  atated  levala.  Tha  flguraa  In  Table  IX  ware  derived  by  aubtraetlng 
the  appropriate  RAC  figure  fren  lOOX. 

one  additional  note  on  the  uae  of  the  RAC  data  la  warranted. 

The  data  baae  Ineludea  weather  ebaerwatlona  nade  on  an  hourly  baala 
during  the  yeara  1936  to  1972,  The  tine  between  ebaerwatlona  la  fairly 

lU 


♦ 


I 

? 


long  eoaporod  to  tho  rato  of  chango  of  low>vlslblllty  woathar  conditions. 
Howovart  bacauaa  of  tha  vary  larga  data  basa»  tha  author  aaauaaa  that 
tha  flguraa  ara  a fairly  aecurata  raprasantatlon  of  tha  continuous  tins 
probability  function  for  vlslbllltlos  at  Wrlght-Pattarson  Air  forea 

Basa. 
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Tabl*  IX 

PvrcMitac*  Fr*qu«ney  of  Oceurroneo  of  Various  Proralllng  Vlslbllltlos 

for  Throo  Soloetod  Honths 


Vlalblllty 

Hour  (local)  10 

S 

4 3 2 

1 

0.75 

0.5 

JAMOAIY 


0-0200 

71.5 

33.0 

25.3 

16.5 

10.4 

4.7 

3.1 

1.9 

0300-0500 

73.2 

35. 

26.3 

16.7 

10.1 

5.1 

3.8 

2.5 

0600-0600 

79.6 

41.1 

31.6 

22.1 

13.2 

5.2 

3.6 

2.0 

0900-1100 

84.8 

46.5 

36.2 

25.3 

15.5 

6.3 

3.7 

1.7 

1200-1400 

79.7 

34.7 

26.5 

16.9 

9.9 

3.9 

2.3 

0.6 

1500-1700 

75.0 

32.4 

22.7 

15.1 

9.1 

3.7 

2.1 

0.9 

1800-2000 

74.3 

32.3 

23.2 

15.0 

8.9 

3.6 

2.2 

1.0 

2100-2300 

70.7 

31.3 

23.3 

15.1 

9.6 

4.4 

2.7 

1.6 

APKIL 


0-0200 

51.8 

12.0 

7.6 

4.0 

2.0 

0.8 

0.5 

0.4 

0300-0500 

58.3 

17.1 

11.4 

6.7 

4.2 

2.1 

1.5 

1.1 

0600-0800 

73.1 

28.3 

10.4 

11.3 

5.1 

2.3 

1.6 

1.2 

0900-1100 

60.0 

15.2 

9.0 

4.3 

1.8 

0.4 

0.2 

0.1 

1200-1400 

46.7 

9.2 

5.7 

3.0 

1.2 

0.3 

0.2 

0.1 

1500-1700 

42.9 

7.7 

5.2 

2.9 

1.2 

0.4 

0.2 

0.1 

1800-2000 

47.9 

10.2 

6.3 

3.4 

1.3 

0.3 

0.1 

• 

2100-2300 

46.9 

8.7 

5.2 

2.5 

1.0 

0.5 

0.2 

0.1 

JULY 


0-0200 

60.3 

13.1 

7.2 

3.0 

2.5 

0.7 

0.7 

0.4 

0300-0500 

71.5 

28.8 

19.2 

10.9 

6.1 

2.9 

2.6 

1.6 

0600-0800 

77.7 

34.6 

23.9 

14.8 

7.0 

2.9 

2.3 

1.6 

0900-1100 

59.6 

63.7 

7.2 

3.1 

1.1 

0.2 

0.1 

- 

1200-1400 

45.3 

6.8 

3.3 

1.0 

0.4 

0.1 

0.1 

• 

1500-1700 

41.1 

5.2 

2.0 

0.8 

0.3 

0.1 

0.1 

m 

1800-2000 

45.7 

5.9 

2.5 

0.9 

0.4 

0.2 

• 

m 

2100-2300 

51.7 

8.3 

3.2 

1.3 

0.5 

0.2 

0.2 

0.1 

b 

I 

I 

t 

>■ 


t 


llA 


k • 
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tlehard  C.  Iiuim  ma  bom  m 10  Noy  1M5  in  Mow  Orloano*  LMlatann. 
Ho  fmdnntod  trm  high  sohool  In  Sonrsdnlo,  Mon  York  in  1963  and  actandod 
Lahigh  ttiinoraity,  roeoining  a dogroo  of  Baeholor  of  Arta  in  1967  and 
a dogroo  of  laeholor  of  Selaneo  in  Cloetrieal  Bnglnooring  in  1968.  Ho 
alao  roeoinod  a eomiiaaion  in  tha  OSAP  through  tho  K01C  progrm  in  1968 
and  laoMdiatoly  antorod  undorgraduato  pilot  training  at  Moody  APB» 

Goorgia.  Aftor  roeolning  hia  winga  in  July  1969,  ho  aonrod  a eoahat  tour 
in  tho  A>37  fightor-boaibor  and  than  ratumod  to  Coluabua  APB,  Niaaiaaippi, 
in  Noraa^r  1970  for  duty  aa  a T-37  inatructor  pilot.  VOtilo  atationod 
at  Colunbua,  ho  naa  inatrunantal  in  idantlfytng  a auijor  doaim  dofieianoy 
in  tho  T*37  olaetrioal  ponar  ayatan  and  naa  latar  roeogniaad  for  thla 
affort  by  tha  Chiaf  of  Staff  of  dia  OSAP.  Ha  antarad  dia  School  of 
Inglnoariag,  Air  Porea  Inatituta  of  Taehnology,  in  Juno  1973. 
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OptaalMtroaie 
llaetra-aptle 
Plkar^eioa 
Optioal  CMBMioatlM 


iliill! 


llaks.  It  U that  Mmatly  avalUkla  UD*s 

•atloal  Clkan  iMaM  pradwtlaa  «f  a 2 ■■ 

lUk  ea  hM«la  a kata  fata  af  l.S  Mb/a  with  m arrw 

ipharla  tfaaaalaaiaa  tbaary  praaitai  paralti 
)la  BtathM  atattatlaa  ta  raagbly  praklet  that  an  ataat* 
ia  vaatata  Ohla  aaa  prarlka  tha  eaaparahla  kata 
^ af  tha  tiaa.  farta  aaats  far  tha  txaaaalttara, 
>■  tha  flhar  apataa  ara  aatiMtak  at  $21,800*  Cast 
Taaaalttars  la  tha  ataaapharla  spataa  east  ahaat  $4,030, 


